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INTRODUCTION  AND  SCOPE 


The  first  phase  of  the  research  program  being  conducted  under  Con- 
tract No.  AF  33(6l6)-232,  designed  to  investigate  the  physical  and  metal- 
lurgical properties  of  rhenium,  is  presented  as  this  literature  survey.  To 
provide  a sound  basis  for  future  experimental  work,  the  survey  includes  all 
available  data  on  rhenium,  compiled  and  edited  so  as  to  present  a complete 
but  compact  picture  of  the  metal  as  it  is  now  known. 

This  information,  accumulating  in  the  literature  for  the  past  twenty- 
seven  years,  has  been  classified  into  such  major  fields  of  interest  as  the 
history  of  rhenium,  its  occurrence,  recovery  and  production,  and  its  physi- 
cal, chemical,  electronic,  and  metallurgical  properties.  In  addition,  since 
a basic  aim  of  this  project  is  to  evaluate,  and  arouse  interest  in,  the  pro- 
spective applications  of  rhenium,  a quite  complete  section  on  the  past, 
present,  and  future  uses  of  the  metal  ha  a been  included.  All  of  the  refer- 
ences on  rhenium,  even  those  of  only  very  remote  value,  have  been  listed 
in  two  distinct  classifications;  those  which  apply  directly  to  the  text,  ami 
those  which  have  not  been  utilised  in  the  tei-ft. 


si  a i r k i . t.  r-:  m r.  r.-i  o n i a i i n :>  r i i u '(  i.: 


- /-  • 


lii  ^ ui'uil,  ii  was  hm.ul  that,  information  mi  the  chemical  properties 
of  i liiMiinm  was  abundant.  Flxtensivr.  work  has  boon  done  on  compound 
formation  and  at  10 1 y r. i s . However,  physica  h-constant  data,  v/e re  extremely 
scarce  and  usually  only  one  source  of  information  was  available  fuv  tlioat 
propei.ti.es  that  were  found.  The  physical  metallurgy  of  rheaiuui  is  virtually 
an  unexplored  field  and  offers  ample  et:perimt*nt;»1  opportunities. 


.1 ) ISC  O VERY  AND  HISTORY 


In  the  year  1H69,  the  Russian  chemist  Mendeleef  published  his  now 
famous  periodic  table.  Numerous  blanks  appeared  in  the  original  chart, 
and  Mendel^ef  predicted  that,  these  blanks  would  be  filled  with  then  unknown 
elements;  he  also  predicted  the  properties  these  elements  would  have,  and 
assigned  atomic  numbers  and  provisional  names.  In  Group  Vllb,  headed  • _ 
manganese,  there  were  two  tmfilled  spacer,  belonging  to  Element  41  and 
Element  75.  To  these,  he  assigned  the  provisional  names  of  eka -manganese 
and  dvi -manganese,  respectively. 

Despite  near  completion  of  the  table  by  the  1920’  a,  these  two  elements 
were  still  undiscovered.  In  1925,  the  situation  changed  markedly,  with  al- 
most simultaneous  claims  of  discovery  of  Element  75  by  three  separate 
groups  of  workers. 

W.  Noddack,  I.  Tacke,  and  O.  Bcrg^1*^,  German  chemists,  were 
the  first  claimants.  From  the  predicted  properties  of  Mendeleef,  the 
natural  occurrence  of  elements,  and  studies  of  the  properties  of  manganese, 
they  reasoned  that  the  missing  elements  would  be  associated  with  platinum 
and  would  also  occur  in  certain  other  ores,  principally  columbite.  By 
chemical  concentration  of  columbite,  sperrylite,  gadcslinite,  and  fergusonite, 
they  produced  a product,  which  on  X-ray  analysis  yielded  spectral  lines 
indicating  the  presence  of  eka-  and  d vi -manganese.  They  named  the  elements 
masurium  (At.  No.  43)  and  rhenium  (At,  No.  75),  and  also  predicted  their 
abundance  in  the  earth1  s crust  to  be  10"  and  10~12  parts,  respectively. 

The  name  "rhenium"  was  in  honor  of  the  German  Rhineland. 

Meanwhile,  F.  Coring  and  J.  Druce  in  England,  while  examining 
pyrolusite  and  crude  manganese  compounds,  concentrated  a new  substance. 

A few  months  after  the  German  claim,  Druce(^)  reported  this  substance  as 
dvi-manganese,  and  presented  chemical  and  X-ray  evidence  as  proof. 

Earing  W predicted  it  would  form  a series  of  oxides,  of  which  the  highest 
would  be  of  the  type  MpOy. 

Also  in  1925,  V.  Dole j^ek  and  J.  Heyrovsky^"^  detected  an  impurity 
in  thp  vsis  of  rnanuannus  milfat**  snluti tms  with  the  then  unirme 
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( one cut  r at  i on  of  the  impurity  gave  the  i h;<r»rfp , lyUi;  lijit-s  of  Element  75. 
Years  later,  however,  Heyrovsk^^)  admitted  that  the  polar ographu  steps 
at  -1,0  and  -1.  2 volts  found  ia  pelarograsas  of  cummer  via]  manganese 
solutions,  which  were  the  basis  for  his  rhenium  claim,  must  have  been  due 


v:o 


other  elements. 


Shortly  after  Dole j^ek  and  Heyrovsky*  s "discovery",  they  commenced 
criticizing  the  work  of  Noddack,  Tacke,  and  Bt  !•«,  claiming  the  Germans1 


X-ray  lines  were  due  only  to  thallium  and  zinc. 
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and  DolejHek  and  Heyrovsk.y^“>  ^-*  also  presented  chemical  and  X-ray 
evidence  to  add  to  the  polemic  situation.  Russian  luveiitigatorsO^*  16) 
studied  numerous  platinum  ores  and  vigorously  denied  the  presence  of 
rhenium  therein.  To  further  complicate  the  situation,  Prandtl(l^)  and 
HcrszfinkelO8)  in  1927  denied  that  any  of  the  foregoing  scientists  had  found 
Element  75.  Their  main  reasons  were  that  other  elements,  principally  zinc 
and  thallium,  were  being  mistaken  for  dvi-manganese  in  X -ray  photographs. 


Whether  the  Noddacks  had  actually  found  Element  75  in  1925  may  still 
be  problematical,  but  it  is  certain  that  by  1926  and  1927  it  had  been  sepa- 
rated and  concentrated  by  them,  for  work  on  its  properties  had  com- 
menced, '^)  The  name  they  had  given  it,  rhenium  (Rhinemetal),  soon  came 
into  general  use,  and  today  Noddack,  Tacke,  and  Berg  are  recognized  as 
the  discoverers  of  rhenium.  Element  43,  now  called  technicium,  was 

never  produced  by  the  Noddacks  in  any  quantity  and  they  are  not  credited 
with  its  discovery.  Their  early  work  was  well  summed  up  by  Von  HevesyLl) 
who  presented  the  following  table  of  Roentgen  spectra  as  their  proof: 

Element  75  

Ea  ^ ktf  £ Lj k/3j 

Observed  1429.9  1440.  7 1235.0  1204.8  1216.0 

Calculated  1430.6  1440.6  1235.5  1204.1  1216.9 


Von  Hevesy  explained  that  even  though  the  La  ^ line  coincided  with  the  Zn 
KHg  line,  it  appeared  too  strongly  to  belong  to  sine,  The  line  coincided 
with  that  of  W L but  it  was  far  too  intense  to  be  the  tungsten  line. 
and  L$3  match  up  ‘with  T1  Lej  and  T1  L0^,  but  are  of  the  expected  rhenium, 
not  thallium,  intensity.  The  line  La,  is  characteristic  of  rhenium  alone. 

On  the  other  hand,  the  work  of  Dolejlek  and  Heyrovs  k'f,  as  well  as 
that  of  Dyuce,  was  severely  taken  to  task  by  Hurd(22)  SOme  years  later. 
Hurd  and  co-workers  at  the  University  of  Wisconsin  experimented  ex- 
tensively, with  manganese  and  pyroluaite  ores,  using  procedures  developed 
by  the  Europeans.  Hurd  emphatically  denied  the  presence  of  rhenium  in 
detectable  amounts,  and  alter  testing  ore  to  which  rhenium  standards  were 
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by  "an  s«uuHiin:  of  iiu  oraplc’tf’  precipitations,  complete  reiSuctiuiw,, 

and  1 1 emendoun  r.bcorpticns".  It:  was  ahimt  this  time  that  Hcyrovsk$  pith  - 
11  shed  hit-;  afore -ineuti •.»nr «i  refutation  of  a rhenium  discovery  claim,  and 
Hurd9  n findings  prompted  Druce  to  publish  a statement  to  the  effect,  that  he 
really  hadn’t  been  trying  to  claim  diaccvci  y ail  along.  Druce  has  continued 
very  active  in  the  rhenium  tie  id.  He  has  written  i mnv  review^  in  the  past 


m 


twenty  years,  and  has  culminated  ibis  work  v/il!-  ■•■ok.  Rhenium, 

1948.  This  is  the  only  modern  autho • dative  taxi  im  i tumium,  and  covers 
the  chemistry  field  exceedingly  well.  It  is  noteworthy,  however,  that 
Druce  appears  to  be  prejudiced  against  the  Noddacks,  and  seems  to  con™ 
tinuously  attempt  to  cloud  their  now  substantiated  claim  for  discovery,  bath 
in  his  paper  ft  .and  in  the  book.  This  prejudice  must  be  borne  in  mind  when 
resudina  Druce. 


occurrence:,  abundance,  and  production 


Originally,  the  Noddacka'^  estimated  the  rhenium  content  of  the 
earth*  s crust  at  10“^  parts.  This  value  was  later  revised  upward  to  about 
4 x.  10“^  parts  after  analysis  of  numerous  minerals.  Thus,  rhenium  is  about 
1000  times  more  rare  than  molybdenum,  and  10  times  more  rare  than  irid- 
ium. (24)  Analysis  of  meteorites,  to  find  the  "natural"  abundance  of  rhenium 
at  first  gave  theoretically  low  results . (25,  26)  Further  analysis  of  meteor- 
ites showed  the  early  results  to  be  faulty;  Goldberg  and  Brown(^!  28}  found 
from  0.  28  x 10”^  to  1.  45  x 10~^  part  of  rhenium  present,  values  with  good 
theoretical  agreement.  A possibility  exists  that  rhenium  is  also  present  in 
the  aun^^,  but  if  so,  its  concentration  is  minute.  (^0)  Fraunhofer  lines 
show  the  strong  Re  4889.  38  A line  missing.  (^1) 

Numerous  practical  sources  of  rhenium  have  been  uncovered.  The 
basis  lor  this  information  was  also  laid  by  I.  and  W,  Noddack^4^  who 
analyzed  ever  1800  minerals.  Figure  1 shows  the  locations  from  which 
samples  were  procured  and  analyzed  in  the  Scandinavian  Peninsula. 

Others^  have  also  searched  for  rhenium.  The  richest  known  sources 
are  presented  in  Table  1,  in  a roughly  chronological  order  of  their  study. 

It  is  immediately  evident  that  early  production  of  rhenium  was  from  sparse 
sources  of  the  metal  indeed.  Recent  findings  have  uncovered  relatively 
rich  sources  of  rhenium;  some  concentrates,  particularly  molybdenite,  con- 
tain nearly  25  per  cent,  Kronnum^4*/  has  suggested  that  rhenium  probably 
accumulates  in  carbon-rich  rocks  also  containing  sulfur. 


Despite  no  widespread  production  of  rhenium  in  the  United,  States, 
these  new  sources  account  p&itially  for  reduction  is  price  of  rhenium 
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Analysts 

imposition  <»r 

itent. 

and/or 

Source 

Geographical  Location 

Basic  Mineral 

ppm 

Reference 

Alvito 

Norway 

(Zt,  i!f)SiOy 

0.(5 

1.  and  W,  NoddaekJ3^) 

ThonveUUe 

Norway 

y2si2o7 

0.  t; 

i.  and  W.  Noddackf32) 

Columbite 

Norway 

(Fc.  Mn)Nb20(; 

0. 2 

I.  and  W.  Noddack^32) 

Molybdenite 

Norway 

M0S2 

21.  0 

I.  and  W.  Noudack^32) 

Molybdenite 

Japan 

MoSp. 

10.  0 

I.  and  W.  Noddack^32) 

Molybdenite 

Siberia 

MoS2 

0.  fi 

I.  and  W.  Noddacb^32) 

Molybdenite. 

Colorado 

MoS? 

1.  8 

J.  and  W.  Noddaek^32) 

Platinum  Ores 

Urals 

- 

0.  8 

I.  and  W.  Noddack^32) 

Gatkrlinite 

- 

- 

1.  1 

I.  and  W.  Noddaek^321 

Gado  Unite 

Finland 

- 

>21.  0 

Aartovaara(38) 

Potash  Waste 

Germany 

- 

- 

Anon.  ^33) 

Copper  Slate 

Mansfeld,  Germany 

CuS,  MoS2 

5.  0 . 

Anon.  (40) 

Manganese  Ore 

Arkansas 

- 

10.  0 

TyleK41) 

Copper  Ore 

Arizona 

CuS{?) 

- 

Tyler*42) 

Molybdenite 

Domestic  U.  S. 

MoSg 

no.  000 

Tyler(43> 

Molybdenite 

Lainejau,  Sweden 

M0S2 

250,  000 

Aininoff(d3,44) 

Anode  Sludge 

Norway 

- 

- 

Druce(4f>) 

Gold  Extraction  Slag 

Zmeinogorsk,  Siberia 

MoSg 

- 

Bruce*43) 

Molybdenite 

Iter  them  Wisconsin 

MoSg 

- 

Works*46)** 

Molybdenite 

Unknown 

K£i£@«£ 

320,  O00 

Geilmann*41) 

Molybdenite 

S {avenger,  Norway 

MoS,2 

310,  000 

Gcilrnann^P 

Molybdenite 

Africa 

MoSg 

280.  000 

Ceilmann*4  '•* 

Molybdenite 

Arendel,  Noway 

M0S2 

140,  000 

Geilmann*4**) 

Wulfenise 

Unknown 

PbMo04 

Low 

Gcilfuann*47) 

Molybdenite 

Kouiirad.  Kazakh 

MoS2 

15.  000 

Stepanovs48*  59) 

Molybdenite 

Tyanyau*.  Kazakh 

120-1 

Stepanov*46*  4®>  GO) 

Molybdenite 

Chifcoy.  Kasakh 

MoSg 

,120i- 

Stepanov*48*  49, 

Molybdenite 

Australia 

Mo  So 

110 

Morgan  and  Bsvies*6*) 

Gllmmerscheifen 

Norway 

- 

Poor 

FIAT  #69702) 

Flue  Bus* 

Miami,  Arizona 

M0S0 

10-15,000 

Meiaven*33) 

Flue  Bust 

Miami,  Arizona 

MPS.^ 

3-5, 000 

» *» (33) 

VGU  - 

- 

Kemsecott  Copper  Company 

- 

220 

MelavenC33) 

1 

gingham,  UuhfKanaecott) 

" 

” 

N.  Y.  Times*63) 

®It  must  be  noted  rfcss  the  values  presented  tie  analyses  of  teeth  natural  ore*  and  of  concentrate*. 
♦‘Shown  by  Meiavca/33)  to  be  worthies*. 
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M-lwvwii1* y • has  investigated  «*v#r  100  domestic  sources  of  rhenium. 

He  has  indicated  that  fine  dust  from  copper  ores  suoititmiug  molybdenite, 
collected  by  the  Miami  Copper  Company  of  Miami,  Arizona,  is  one  of  the  few 
sources  of  rhenium  containing  a suffit,i«-ntly  high  valuables  content  t<»  1m 
economically  extractable . 


The  world  production  of  rhenium  has  been  very  erratic.  Figure  2 
gives  a rough  approximation  of  production,  and  shows  how  discovery  and 
utilisation  of  the  Mansfeld  deposits  spurred  early  high  production,  (^4,30, 
39,  40,  54,  55)  German  production  in  the  period  1939-1945  is  unknown,  A 
reasonable  assumption  is  that  it  was  level  or  rose  slowly  from  the  late 
thirties1  output  until  the  closing  days  of  World  War  II,  when  ail  Germans 
turned  to  work  mare  directly  concerned  with  the  hostilities.  German 

patents  indicate  rhenium  was  still  available  in  the  early  1940' s.  Now, 
France  and  England  are  producing  rhenium'55-* *,  but  their  source  of  con- 
centrate ie  the  United  States. 


M®ns£a!d,  Germany,  is  in  the  Russian  Zone.  The  Russians  have 
been  interested  in  rhenium  for  years  »-•  witnessed  by  their  extensive  work 
on  catalytic  properties.  It  must,  therefore,  be  assumed  that  production 
of  rhenium  at  Mansfeld  continues  under  Soviet  domination.  The  Noddac.ks(2*) 
estimated  present  world  production  of  rhe  3um  as  2 to  3 tons  per  year. 

Since  Britain  and  France,  as  well  as  the  United  States,  are  all  producing 
rhenium  at  a low  rate,  their  total  production  (estimated  by  the  writer  as 
about  500  pounds  per  year)  subtracted  frem  the  Noddacks'  2 to  3 tons  indi- 
cates the  Russians  have  a healthy  production  indeed. 

Ml  rhenium  used  in  the  United  States  came  from  German  sources* 
until  comparatively  recently.  When  it  was  shut  off  by  the  war.  Professor 
Melaven  commenced  production  at  the  University  of  Tennessee  in  small 
quantities,  (41)  and  when  his  process  was  patented  in  1947,  production  in- 
creaaed.V*3/  Meiaven  has  produced  a total  of  300  pounds  of  metal  since 
1947,  '^3)  @o  his  present  production  is  assumed  to  be  about  60  to  80  pounds 
per  year.  He  estimates  that  expansion  of  his  facilities  would  permit  pro- 
duction of  approximately  50  pound*  of  metal  per  week  ij  ».  gsN»d  concentrate 
were  continuously  availabbs  for  processing.  The  concentrate  should  be 
available,  for  some  figures^*®®}  indicate  that  U.  S.  production  potential 
is  of  the  order  of  20,000  t©  39,000  pounds  per  year. 

Present  world  production  center®  may  thus  be  considered  to  be: 

s . M&nsleM,  Germany  (Russian  dominated) 

2.  Balkhash;  Kazakh  (Russia) 

3,  France 
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6,  Kennecatt  Copper  Company 


it  is  extremely  important  to  compare  tne  above  list  with  the  table 
previously  presented  Jinting  world  sources  of  rhenium  (page  6).  The  com* 
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irforiamtiun,  although  Hwcumh,  Norwegian,  and  '••  • < -can  ores  or  concentrates 
contain  the  highest  percentages  of  rhenium,  non-.*  these  flourc.es  are 
presently  being  worked.  From  pre sent  estimates  <d  potential  production, 
the  United  States  probably  hau  the  best  resources  md  beat  potential  pro- 
duction. 


EXTRACTION 


Numerous  methods  have  been  published  and/or  patented  for  the 
separation,  concentration,  and  ultimate  recovery  of  rhenium  salts  or  metal 
from  the  ores  in  which  it  occurs.  Some  of  these  processes  seem  to  be  too 
complicated  for  other  than  macrolaboratory  production,  while  others,  such 
as  that  of  Feit(^),  are  aimed  directly  at  full-scale  industrial  recovery.  All 
of  these  methods  depend  upon  certain  of  the  characteristic  properties  of 
rhenium  and  its  compounds.  Some  of  these  properties  are  listed  below. 

A.  Insolubility  of  rhenium  disulfide. 

B.  High  volatility  of  rhenium  heptoxide. 

C.  High  solubility  of  rhenium  heptoxide. 

D.  Temperature  dependence  of  the  solubility  of  potassium  perrhenate. 

Whatever  the  initial  steps  in  the  recovery  process,  the  last  step  in- 
volves conversion  of  some  rhenium  compound  into  metallic  rhenium  either 
as  a powder  or  in  a consolidated  form.  These  reduction  processes  are  dis- 
cussed at  the  end  of  this  section,  following  presentation  of  the  methods  for 
separation  of  rhenium  salts. 


The  Noddack  Processes 


The  first  process  developed  by  th®  ModdackgC^*)  was  that  used  in 
their  original  detection  of  rhenium.  Starting  with  platinum  ores,  they  dis- 
solved the  ore  in  aqua  regia,  evaporated  the  solution,  and  then  ignited  the 


residue 

product 


. i.  he  Rs.QUej.  regis.  m 

was  mixed  with  the 


solubles  were  chlorinated  and  reduced.  This 
solution  residue,  and  both  were  heated  in  oxy- 
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rscisirirced  with  hydrogen  sulfide, 
characteristic  rhenium  line®  followed. 
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,e  molybdenum  separated  by 
precipitation  as  ssiawmium  phnephomoiybdate . This  process  was  repeated 
many  times  until  jh«  bulk  m i h«*  molybdenum  w.-:.  nuivi  d.  The  rhenium 
was  then  coorecipitaled  with  nicks!,  copper,  mm,  platinum,  v*n*- 

dinsru  and  i usually  jrewldua!  molybdenum,  all  «,»  Nickel.,  cobalt, 

copper,  and  iron  were  next  -separated  hy  a hydrogt  n re  dm  lion.  Re-solution, 
rrprecipitatiim,  and  reduct U>  < occurred.  Rhenium  whs  converted  to  the 
oxide  and  sublimed.  Water  solution  of  th®  oxide  and  purification  followed. 

The  final  reduction  produced  the  metal.  The  process  was  iong  and  compli- 
cated, as  many  of  the  steps  had  to  be  done  over  and  over.  This  process  is 
probably  not  suitable  to  large -scale  commercial  production. 

One  patent^^)  suggested  a practical  selective  crystallization  method, 
whereby  acid  solutions  of  rhenium  salts  were  evaporated  with  other  metal 
salts.  If  the  first  settling  salts  were  removed,  the  liquid  was  then  found  to 
he  enriched  in  rhenium.  Another  method^^)  was  suggested  for  separation 
of  rhenium  from  residues  (probably  from  the  Mansfeld  copper  schist).  So- 
lution in  nitric  acid  was  followed  by  chlorination  and  then  acid  precipitation 
of  the  sulfide.  The  precipitate  wa®  cleaned  extensively  and  finally  converted 
to  a solution  of  perrhenate  ion.  Potassium  perrhenatc  is  insoluble  in  po- 
tassium hydroxide  solution,  so  by  this  action  crystalline  potassium  perrhenate 
was  separated. 


The  Feit  Process 


The  Feit  process(56,  64,  65)  was  probably  the  most  important  develop- 
ment in  rhenium  recovery  until  very  recent  years.  It  was  used  for  German 
production  of  rhenium  from  a complex  sulfide  slime,  the  by-product  from 
refinement  of  Mansfeld  copper  schist.  The  method  was  cheap  and  relatively 
simple.  Slime  was  extracted  with  water,  to  which  was  added  ammonium 
sulfate.  Copper,  nickel,  and  zinc  were  precipitated  as  double  ammonium 
sulfates.  These  were  removed  and  more  ammonium  sulfate  precipitated 
complex  compounds  of  molybdenum,  vanadium,  and  phosphorous.  The 
addition  of  potassium  chloride  to  the  filtrate  formed  crystals  of  crude 
potassium  perrhenate.  Several  recrystallisations  produced  a pure  product. 
Reduction  of  the  perrhenate  at  red  heat  produced  impure  rhenium  metal, 
which  was  purified  by  Xeachings  with  water. 

Feit  alpo  extracted  rhenium  from  molybdenum  nigs,  In  one  method, 

the  pulverized  pigs  were  treated  with  cold  sulfuric  acid  iu  a manner  which 
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duction n'ipe rature , vertiirtimi  would  b«?  cons idt*. r ul>ly  facilitated.  Iron  or 
hematite,  mixed  with  the  reducible  rl«?njiim  ctUTipoond,  will  ptevrat  aa  - 

gu>.iicrai.iini  in  thin  mc-uncr. 
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Frit's  proof*  bf e s have  probably  been  considerably  modified(^®),  but 
use  continued  in  Germany  at  least  until  1946. 


The  Drigga  Process 


The  lit  at  American  patent  on  commercial  production  was  obtained  by 
F.  DriggS;  His  procedure  was  baeed  on  the  theory  that  if  reducing 

agents  such  «•  sulfur  and  phosphorus  were  removed  from  a rhenium  source, 
oxidation  of  the  rhenium  to  higher  ovides  wouid  be  simplified.  The  higher 
oxide,  Rc^Oy,  was  then  volatilised,  recovered,  purified,  and  reduced  to 
the  metal,  hiost  of  the  action  occurred  in  a roasting  step,  where  niter  cake 
(NMHSO4)  was  a«  Td  to  insure  formation  of  Re^O^.  The  process  Is  shown 
in  a flow  she  "igure  3. 


Russian  Processes 
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The  first  Rug  elan  work  on  recovery  was  a laboratory  method  de- 
veloped by  Kfenmin,  Bibikova,  and  Aksenova'’®)  in  iyi  i.  Molybdenite  was 
dissolved  in  nitric  acid,  the  solution  diluted,  and  molybdenum  triexide 
flit®  rid  out.  The  filtrate  was  distilled  with  carbon  dioxide  and  then  hydro- 
chloric  acid  to  remove  interfering  elements.  Sulfide  § of  rhenium  and 
molybdenum  ware  precipitated  with  hydrogen  sulfide  from  acid  solution, 

Thai  rhsaiurr.  sulfide  was  freed  frerr.  molybdenum  with  hvdrexveminolina. 
Rhenium  was  again  precipitated,  but  by  nitron  as  nitron  psrrhen&te.  Nitron 
ii  a common  reagent  for  this  task. 

Industrial  production  evidently  began  when  the  Balkhash  works  in 
nft&akh,  refining  molybdenum  ore*,  were  investigated  for  the  presence  of 
rhenium.  Rlufefti.um  was  being  lost  through  Ike  stack  during  roasting  of 
molybdenite  , In  l$36,  wool  bags  placed  in  the  stack  to  trap  the  flue 
dust  ware  found  to  retain  soma  rhenium,  finally?  in  1946,  it  was  realised 
that  rhenium  was  present  In  considerably  higher  quantities  than  previously 
estimated,  and  Stepanov^*?)  recommended  commencement  of  a rhenium- 
•stractiau  plan:..  Eaperlsnsr.is  must  hav-*  bssan  condor  ted?  for  shortly  it 
was  repertedi9®*  that  flue  gases  containing  rhenium,  passed  through  an 
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asbestos  filter,  retained  over  50  per  cent  of  the  metal.  If  the  flue  gases 
were  walked  in  a scruLiw  , , 6 to  10  per  rent  of  the  rhenium  was  saved.  A. 
combination  scrubber  and  elcctrofilte r Of.  to  90  per  cent.  It  is 

probable  that  the  Russians  are  row  producing  rhenium  at  this  plant. 


The  Tennessee  Process 


Rhenium  was  supplied  to  the  United  States  by  the  A.  D.  McKay 
Company  of  New  York,  prior  to  World  War  II.  This  was  a German  product, 
and  when  war  intervened,  further  procurement  was  blocked.  The  University 
of  Tennessee  had  been  conducting  research  on  rhenium  and,  with  their  sup- 
ply cut  off,  began  experimentation  to  produce  rhenium  from  domestic  sources. 
Mel  a ven  and  Bacon(^)  then  patented  a process  for  rhenium  recovery  from 
flue  dust.  The  process  is  currently  being  used  there^^),  and  the  rhenium 
is  nold  commercially. 

A flow  sheet  (Figure  4)  illustrates  this  process.  Rhenium-bearing 
flue  dust,  product  of  a roasting  operation,  is  received  at  the  University. 

If  contains  molybdenum  and  rhenium  oxides  and  molybdenum  sulfide.  The 
concentrate  is  mixed  with  water  and  filtered.  The  soluble  rhenium  Kept  oxide 
is  thus  removed  from  the  other  more  insoluble  factions.  The  filtrate  is 
p imped  to  a mixing  vat  and  solid  potassium  chloride  added.  This  precipi- 
tates crude  perrhenate  which  Is  subsequently  purified.  The  process  is 
straightforward  and  simple. 


French  Processes 


Several  patents  appeared  in  1950-51  on  French  work  with  rhenium. 
All  deal  with  the  separation  of  rhenium  from  molybdenite  and  involve  in- 
teresting processes.  The  first  of  thes*'^'  required  dissolution  of  the 
molybdenite  in  acid  or  alkaline  aqueous  solution  and  adjustment  of  the  pH 
to  S or  9.  Then  a solution  of  MR^+  was  added,  where: 

M * N,  P,  As,  or  Sb 

R m hydrocarbon  radical,  such  as  phenyl 

A chloroform  solution  of  tetraphenylarsonium  chloride  is  an  example.  The 
chloroform  solvated  the  perrhenate  and  the  aqueous  solution  was  removed. 
Then  12N  hydrochloric  acid  was  added  (alone,  or  with  reducing  agents,  or 
0.  IN  perchlorate  solution)  to  the  chloroform  solution.  Rhenium  passed 
into  the  aqueous  layer,  which  was  distilled  until  the  rhenium  started  to 
come  over.  The  residual  solution  was  processed  to  yield  rhenium  metal. 
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FIGURE  4,  TENNESSEE  PROCESS  FOR  THE  RECOVERY  OF  RHENIUM 
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•v * fi  !=rk»  lively  fiotatetl  Lo  ^ive  a product  rich  in  molybdenite , c unt-ming 
1:3000  to  1:50UU  parts  of  rhenium.  Tut  jiiuly bncititc  was  then  i- canted  in 


ale  at  500  to  500  C.  When  sulfur  in  the  concentrate 
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isidi».i«)g  gnsKs,  After  sulfur  remuwai  wao  c«ju*i  plate , i'T.^0, 
formed.  This  was  allowed  to  volatilise , hut  the  t«ni w raiure  was.  kepi  b*.- 
h.v"  ?0C?  C fr*  prevent  volsriil sarion  of  the  moly biferimn  oxide.  The  gases 
w..- , i-  viivr.fi  with  cool  tiir  and  cent  to  a m«lti<~yrlr»n«-  nr  *;r  Mutator  at  ZS0  to 
mu:  U,  A counts r • • current  water  washer  removed  nto.at  <T  the  rhenium. 

Tilt  Uiitiicc,  as  entrained  droplets  uf  solution,  was  removed  in  another 
cyclone  precipitator.  This  process  is  simple  and  continuous;  it  is  probably 
ygupomsibie  for  present  French  production  of  rhenium. 


Ion-" Exchange  Separation 


Very  recently,  Fisher  and  Meleche^^)  have  reported  on  the  ion- 
exchange  technique  as  applied  to  the  separation  of  rhenium  from  molybdenite. 
They  stated  that  in  1947  Alexander,  at  the  University  of  Wisconsin,  separated 
rhenium  and  molybdenum  as  perrhenate  and  molybdate,  using  the  anion- 
exchange  resin  Amberlite  1R-4B  at  a pH  of  4.  8,  The  column  was  elutriated 
of  the  molybdate  with  buffered  sodium  hydroxide. 

Fisher  and  Meloche  continued  thi*  work,  but  decided  to  use  Amberlite 
IRA-400,  an  exchange  resin  with  greater  basicity  than  the  1R-4B.  A so- 
lution of  perrhenate  and  molybdate  (ratio  1:3000)  plus  10  per  cent  sodium 
hydroxide  was  paused  through  an  exchange  column  containing  the  Amberlite 
IRA-400.  One  hundred  *0.5  per  cent  of  the  molybdat®  was  recovered  la 
the  effluent.  The  perrhenate  remained  in  the  resin.  The  column  was 
washed  with  water,  dilute  hydrochloric  acid,  and  finally  7-8  N acid.  This 
removed  99  * 3 per  cent  of  the  available  perrhenate  in  a concentrated  state 
which  was  easily  converted  to  a useful  crystalline  compound. 

The  process  is  excellent,  hut  obviously  expersive  and  definitely  time 
consuming.  Thirty  Hours  actual  running  time  were  required.  Ion  exchange, 
however,  ie  a growing  field,  and  this  process  achieves  a truly  complete 
separation  of  these  difficult -to- separate  components.  Further  development 
may  make  this  process  economically  feasible. 


Miscellaneous  Methods 


It  was  early  suggested^*?)  that  a low -temperature  roast  of  copper 

schist  residues  containing  molybdenite  would  %Iiow  leaching  out  of  the 
rhenium  as  potassium  perrhenate.  This  is  somewhat  analogous  to  the 
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■'  ■ cur bon  tiioA«de  a»»ii  hydrochloric  acid.  ( Originally  utilised  to 
remove  iiupuriiies,  a liydrocliloi-ic  acid  distilialinn  was  later  «.sed(  1 ^5  to 
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wiii  lit  noted  m the  analytical  chemistry  section  oi  this  report  it 
known  for  some  time  that  if  precipitation  of  rhenium  sulfide  from 


3.T1  utKulinC  jCJUtlOil  COUld  PC  Cllrctcuj  S£pntuti".i  ■ mil  ciuiiyinkumi)  would 

be  relatively  simple.  Molybdenum  sulfide  is  fully  soluble  in  alkaline  so™ 
lotion  as  is  usually  rhenium  sulfide.  However.  Voigt  (79)  found  tb.lt  if  * n 
alkaline  solution  containing  molybdenum  au<l  rhenium  sulfides  (saturated 


with  hydrogen  sulfide;  were  cooled  below  ~b  C,  rhenium  sulfide  would 
precipitate  leaving  the  molybdenum  in  solution.  This  was  applied  to  re- 
covery of  rhenium  from  a furnace  pig. 


Hixson  and  Mr  used  organic  solvents  to  recover  metal  va.iues, 

such  as  rhenium,  from  their  compounds  by  interrelated  cycles.  The 
rhenium-rich  ore  or  tailings  were  dissolved  in  acid.  The  metal  valence 
was  adjusted  to  allow  future  solubility  in  some  organic  solvent,  but  the 
rhenium  radical  was  kept  in  combination  with  the  elements  originally 
present;  i.  e. , still  in  aqueous  solution.  The  impure  aqueous  solution  was 
extracted  by  a hydrophobic  selective  organic  solvent,  and  the  solvent  so- 
lution was  then  re- extracted  with  water. 


Rhenium  present  in  smelting  residues  and  zsinc  dust,  in  Japan,  (81) 
can  be  leached  out  with  water  after  a sulfuric  acid  treatment.  Also, per- 
rheme  acid  in  sulfuric  acid  solution(82)  may  be  separated  from  molybdic 
acid  by  adsorption  an  Norit  (vegetable  char)  which  adsorbs  molybdic  acid 
more  slowly  than  perrhenic  acid.  Evidently  this  method  has  not  been 
attempted  commercially. 


REDUCTION  TO  METAL. 


Numerous  methods  have  been  reported  for  the  reduction  of  rhenium 
compounds  to  metal.  The  methods  nearly  always  yield  the  metal  in  a 
powdered  form. 


Redaction  of  Heated  Oxides  bv  Hydroaen 
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The  most  common  oxide,  rhenium  heptoxide,  can  be  reduced  by 
hydrogen(83),  but  with  some  difficulty  as  the  heptoxide  is  20  highly  volatile. 
The  initial  reduction  temperature  is  sligr  xy  above  100  C,  where  the  re- 

tlucU&n  occurs  in  several  stages.  The  yellowish  heptoxide  changes  to 
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green,  blue,  then  black  oxides 
*■-  cores  st.pt  ’"’hen  ckr  b 
hue  Li  fit  temperature  should  he 


before  the  grayish  metal  powder  appears, 
dark  rhenium  dio-id"  state  ir-  i-e. ached,  re- 
raised to  ahuv«-  f»Oi)  { to  obtain  the  metal 
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Powell^  ■*)  recommends  reduction  of  the  hepLabulfidt:  as  the  best 
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is  saturated  with  Hydrogen  sulfide,  producing  the  he  {da  sulfide.  This  is 
introduced  into  the  reduction  tube  wet  to  prevent  oxidation.  The  hepta- 
nulfide  is  nonvolatile  m»«1  reduces  easily  in  hydrogen  at  a red  heat,  although 
some  sulfur  is  retained  in  the  metal.  This  is  removed  by  continued  high- 

fcenipe  mature  veUuctx on . 


Reduction  of  Heated  Halides  and  Oxyhalides  by  Hydrogen 


According  to  Druce(84),  hot  hydrogen  will  reduce  rhenium  halide  a at 
about  250  to  300  C according  to  the  equation: 

2ReCl3  + 3H2  « 2Rc  + 6HC1 

The  inference  is  that  the  oxyhalides  may  also  be  reduced  in  this  maimer, 
although  no  further  details  are  presented. 


Re duction  of  Heated  Perrhenates  by  H ydrogen 


The  most  common  method*  for  preparation  of  rherrum  powder  are  by 
the  reduction  of  either  potassium  or  ammonium  perrhenate. 

Potassium  perrhenate  is  reduced  with  hydrogen^®^  at  a fairly  low 
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removed  by  leaching  with  v ater.  Repeated  reductions  and  teachings  are 
usually  carried  out  for  two  or  three  cycles.  Melaven'  * reduces  the  po- 
tassium perrhenate  at  300  C under  3000  psi  in  a silver-lined  bomb.  The 
reaction!®*)  is: 


2KReQ4  + 7H2  * 2KOH  + ZRe  + 6H20  . 

Unfortunately,  complete  leaching  of  the  hydroxide  is  difficult  if  not  im- 
possible, and  potassium  perrhenate -prepared  metal  usually  possesses 
some  occluded  Kg®  (around  0.  5 per  cent). 
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nitron  pervhe«*f-«,  This  organic  salt  has  th«  odvantage  that  it  csn  readily 

be  reduced  to  recover  the  rhenium  content.  After  an  analysis,  the  precipi- 
tate is  heated  in  a current  of  hydrogen  where  it  melts  atul  breaks  down,  t-’'4/ 
Alcohol  extraction  removes  the  organic  components  and  the  resultant  mass 
is  again  hydrogen  reduced  to  produce  a pure  product. 


Electrolysis  cf  Aqueous  Solutions 


Several  authors,  principally  jHt)Ieman(8^)}  Fink  and  Deren(^),  and 
'Mother ton  and  Holt'” ' ' have  electrolyzed  acid,  alkaline,  and  neutral  baths 
to  give  precipitates  or  plate®  of  rhenium  metal.  Their  work  is  discussed 
below  under  Electrodeposition. 


Thermal  Dissociation 


The  first  vapor  deposition  of  rhenium  was  accomplished  by  the 
Neddacks^^  ^9)  who  heated  a 0.  02-mrn  platinum  wire  electrically  in  an 
atmosphere  oi  rhenium  chloride  (valence  not  mentioned)  at  1200  to  1400  C. 
The  chloride  dissociated  on  the  hot  wire  surface  and  deposited  rhenium  on 
the  wire.  Agte,  Moers,  et  al.  (91,  91A)f  used  the  same  process,  hut  de- 
posited rhenium  on  a 0.  03 -mm  tungsten  wire  at  higher  than  1800  C. 

Chlorine  freed  by  these  reactions(92)  will  reassociate  with  a source 
of  rhenium  in  the  system  and  act  as  a carrier,  continually  depositing 
rhenium  on  the  wire,  until  all  the  rhenium  is  exhausted.  Eventually,  a 
rhenium  rod  or  wire  with  a tungsten  (or  platinum)  core  is  prepared.  This 
process  is  important  in  the  manufacture  of  lamp  filaments,  for  which 
several  patents  have  been  drawn. 


The  Thermite  Reaction 


The  thermite  reaction,  so  well  known  with  iron  oxide  and  aluminum 
powder,  can  also  be  performed  with  rhenium  dioxide  and  aluminum.  (93) 
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The  reaction  is: 


3RrO.  ! AA  1 


3 t: 


* ; : r-.  ~ -r* ' “ ' i c rlKiiiaai,  which,  of  course,  inua'c  tlicu  be  separated 

from  the  aluminum  oxide , a step  which  probably  precludes  this  reduction 
method  from  ever  aeqmrin/,  any  commercial  importance. 


CONSOLIDATION  AND  FABRICATION 


Except  for  the  vapor-deposition  processes,  all  of  the  above  reduction 
methods  result  in  a rhenium  product  in  powder  form.  The  powder  must  be 
consolidated  into  a useable  massive  state;  even  the  vapor-deposited  metal 
should  be  further  consolidated  before  a sound  structure  is  realized.  The 
following  procedures  might  be  used  for  this  purpose. 


Electric-Arc  Melting 


It  is  believed  that  rhenium  powder  or  sections  cut  from  a crystal  bar 
can  be  fused  by  arc  melting  with  inert  electrodes  in  a water-cooled  copper 
crucible  or  hearth.  This  melting  method  is  being  used  extensively  for 
producing  ingots  of  molybdenum,  titanium,  and  zirconium.  If  it  can  be 
applied  to  the  production  of  rhenium  ingots  suitable  for  fabrication,  it 
would  simplify  the  consolidation  problem  considerably. 


Sintering 


Rhenium  powder  has  been  pressed  into  bars  and  electrically  sintered 
in  hydrogen  at  1000  C by  the  Noddacks.  (37) 

A more  complete  description  of  sintering  processes  is  given  in  Agte'  8 
paper.  (91,  94)  Powder  from  the  Siemens  and  Halske  Company,  possessing 
a high  volume  and  deep-black  color,  was  pressed  at  2000  kg/ cm^  into  a 
3 x 3 x 40 -mm  rod.  Presintering  was  carried  out  in  dry  hydrogen  in  a 
tube  furnace  where  the  rod  was  heated  only  to  500  C.  It  achieved  sufficient 
strength  so  that  a hole  for  melting  point  determination  could  be  bored  with 
a steel  drill  without  crumbling  of  the  bar.  The  rod  was  then  sintered  at 
1000  C in  hydrogen  where  it  became  very  hard  and  dense,  possessing  a 
platinum-like  glaze.  No  information  on  sintering  time  or  current  was 
reported. 
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Methods  for  sintering  of  rhenium  alloys  have  been  mentioned  in  patent 

(q  r o/  v 

literature  by  Kurta  and  Williams* who  recommend  a sintering  range 
of  .1500  to  1850  C under  cit  y hydrogen. 


Workability 


Agte,  ef  al.  (91,  94)^  found  that  rhenium  sintered  at  "moderate"  tem- 
peratures is  brittle  at  room  tempt- vnluve & . However,  if  sintering  is  car- 
ried out  close  to  the  melting  point,  a certain  cold  ductility  is  exhibited  in  a 
compression  test  (liberal  translation  of  "Zerkleinerungsversuch"  gives 
"crushing"  test,  which  may  mean  siz,e  reduction  in  a device  such  as  a 
machinist8  s vise).  High-temperature -sintered  rhenium  can  be  worked  at 
"high  temperatures".  Forging  can  be  accomplished  (in  several  stages)  at 
about  800  C,  and  forging  and  rolling  can  be  carried  out  at  "high  tempera- 
tures". 


The  sintered  material  behaves  differently  than  vapor-deposited  rods, 
which  were  described  as  very  soft  and  pliable,  akin  to  copper.  These  were 
coiled,  bent,  drawn,  rolled,  etc.  , but  only  in  small  steps.  The  strength 
increases  during  these  manipulations. 

Bridgman(97)  reported  that  rhenium  sheared  quietly  when  subjected 
simultaneously  to  high  shearing  stress  and  high  hydrostatic  pressure. 

Many  substances  explode  under  this  treatment. 


PHYSICAL  PROPERTIES 


The  physical  properties  of  rhenium  have  been  grouped  under  three 
major  headings:  Physical  Constants,  Spectra  of  Rhenium,  and  Nuclear 

Properties. 


Physical  Constants 


Atomic  Weight 


Rhenium*  s position  in  the  periodic  table  between  the  Elements  tungsten 
(at.  weight  183.  92)  and  osmium  ( * 90.  2),  obviously  places  its  weight  between 
these  two  values.  Loring{9B)  first  suggested  an  approximation  of  187  for 
the  atomic  weight,  and  then  Waahburn(99)  calculated  187.4,  a value  later 
shown  to  be  slightly  high.  From  the  specific  heat ^90),  fch«  atomic  we: 
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Ht'IlJitlir: » It  iCUf.iite<i  tills  tint]  uijcUi'ieci  188.  ’ ± 0. 

were  nlso  high  due  to  incomplete  reduction  of  the  , In  mn£il  disulfide. 
riSnigsebmid  and  '(;.■'•)  converted  t;ilv*»r  »».-*  rrlunu- te  into  silver 

bromide  by  a painstaking  procedure . The  perrhenate  was  prepared  in  a 
very  5>u.(‘e  ;■  * >■  * s^v^r  •_>  • ;*nn  s by  d;ff<*T’eni  p?  m emiTt'e^  The  prodorJn 

weir,  insect,  and  $ ho  i action  eo.tiptctcd;  weight  < n ii-ul.it  ions  gave  a result 
of  1H6,  31  -fc  0,02,  This  was  accepted  by  the  Ur rmmt  Atomic  Weight  Com- 
mission in  1931<(104)j  and  has  not  been  challenged  since,  although  AstonC1^) 
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CaAt:  lUdLCU  A435J.  ii  uiu  me:  i x C v,  4.  | r s.  x~  vIGiiS  Ox  Ctiw  wV»G  Ov  C Vva  x xHg 

isniopec,  Re  and  Re  The  value  186.31  ± 0.  02  is  the  accepted  one. 


Crystal  St ruebnee 

Rhenium  was  found  to  possess  a hexagonal  close-packed  structure  by 
both  GoldschiiddtC 107)  ari4  Agt2\°ijcH).  They  disagreed  on  lattice 
constants,  so  other  investigators  also  made  measurements.  Results  of 
these  measurements  and  the  calculations  of  atomic  radius  and  volume  are 
shown  in  Table  2.  The  values  of  atomic  radii  fall  approximately  between 
those  of  tungsten  and  osmium,  as  would  be  expected  from  the  periodic 
position  of  rhenium.  The  lattice  constants  calculated  by  Moeller  and  by 
Sternal  and  Weertz  seem  to  be  based  on  purer  material  than  that  of  Agte 
or  Goldschmidt,  as  molybdenum  would  interfere  with  this  type  of  data  more 
than  potassium.  Furthermore,  the  two  values  agre  . quite  closely,  so  the 
results  of  Stenzel  and  Weertz  are  recommended  as  probably  the  more  ac- 
curate. 


TABLE  2.  LATTICE  CONSTANTS,  ATOMIC  RADIUS,  AND  ATOMIC 
VOLUME  OF  THE  RHENIUM  ATOM 


Lattice  Comwib Atomic  Atomic 


Investigator 

Year 

a, 

A 

c, 

A 

c/* 

Radius. 

A 

Volume. 

A3 

Remarks 

Goldichmidt 

1929 

2,  752 

4.446 

1.616 

1.371 

0.31k  Mo 

Agte.  et  si. 

1931 

2.  765 

4. 470 

1.616 

1.362 

0.3#  Mo 

Moeller^1  osi 

1931 

2.  755 

4.460 

1.  615 

1.378* 

0.  5#  K<gO 

Stenzel  and  Weertzf10^) 

1933 

2.  7553 

4.  4493 

1,6148 

1.3777* 

Blitz  and  HteiMel!110) 

1931 

8.82** 

- 
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The  lattice  coasuntf  (a)  ate  accurate  W ±0.061  A except  tho.e  found  by  Stcnzel  ami  Weertz.  which  ate 
claimed  to  be  accurate  to  ±0. Ol#, 
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'{  lit  i j‘y stal  stria  uir.:::  of  a few  rhenium  compounds  have  been  re- 
ported, the  type  and  dimensions  of  which  are  recorded  in  Table  9 in  the 
Chemical  Properties  section  of  this  report. 


j)e  ns  ity 

Using  the  atomic  weight  found  by  the  Nodd;-<  !-;  0*'0,  Goldschmidt^^* 
10/)  calculated  the  density  nf  metallic  rhenium  a-.  . !.  3 3 (containing  0.  3 per 
cent  molybdenum).  This  war  corrected  to  ?.  1 . 40  * 0,00  For  pure  rhenium. 
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calculation;  as  a result,  Agi.e(^»94)  calculated  20.53  from  the  presently 
accepted  atomic  weight  of  186.  31.  Experimentally,  he  found  a value  of 
20.9  for  annealed  rod.  Agte'  r.  calculated  value  i«;  accepted  today. 

The  densities  of  numerous  rhenium  compounds  are  recorded  in  Table 
9 of  the  Chemical,  Properties  section. 


Melting  Point 

The  melting  point  of  rhenium  has,  more  than  any  other,  stirred  the 
imagination  of  scientists.  Rhenium  has  a very  high  melting  point,  second 
only  to  tungsten.  Agte  and  co-workers ^4)  usecj  the  drilled-hole  method 
(in  an  argon  atmosphere)  to  find  a value  of  3440  ± 60  K.  Their  rhenium  was 
procured  from  I.  and  W.  Noddack,  and  contained  only  0.  01  per  cent  im- 
purities. Shortly  thereafter,  Jaeger  end  Rosenbohmd^)  reported  3160  C. 
Within  the  limits  of  accuracy  at  such  high  temperatures,  the  values  are 
identical.  3440  K is  the  most  commonly  used  value  in  the  literature.  Melt- 
ing points  for  tungsten  and  rhenium  on  three  temperature  scales  may  he 
tabulated: 


Metal 

TungstenO  ^ 0 
Rhenium 


C 

3380 

3170  ± 60 


Melting  Point 
K 

3653 

3440  ± 65 


F 

6110 

5740  ± 110 


Boiling  Point 

The  boiling  point  of  very  high  melting  metals  is  difficult  to  determine, 
but  Richardson^  estimated  by  spectroscopic  techniques  that  carbon- 
saturated  rhenium  (rhenium  takes  up  little  carbon)  boils  at  approximately 
5900  C,  Tungsten  boils  somewhere  in  this  neighborhood;  one  sourceO^) 
listed  5930  C.  Thus,  the  boiling  point  of  rhermum  is  on?  of  the  highest 
known. 
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The  ,»v<st  signifiront  of  these  three  values  is  76.4  (accuse  the  authors  found 
Uidi  iteu^Cl  was  coioilcss,  uiolitlej  aval  easily  puxified,  und  passcrfC'i!  a 
freely  moving  miniccuo.  The  value  for  ReO^Cl-j  is  considered  inaccurate, 
because  it  gave  a poorly  defined  rniniscus,  even  though  78.9  ir.  close  to  t hat. 
predicated  cm  the  basis  of  the  paraehors  of  tungsten  and  osmium, 


Specific  Heat 


The  specific  heat  was  measured  by  Jaeger  and  Rosenbohin( 100)  in  a 
metal  calorimeter,  from  0 to  1200  C,  The  val  le  at  t degrees  may  be  cal- 
culated from  the  equation: 

Cn  a 0.  03256  + 0.  '-625  % 10"5t  cal/g/C  . 

Jr 

A mean  value  lor  0 to  20  it  given  as  0,  03262  cal/g  /C. 

According  to  a basic  relationship  ravsalad  by  Dulong  and  Patit,  the 
product  of  tha  saturation  value  of  the  specific  heat  and  the  atomic  weight 
Is v a metal  is  3R,  whsx-e  R ia  the  gas  constant  (2  cal  per  deg).  This  value 
is  not  adhered  to  by  all  metals,  particularly  at  elevated  temperatures.  For 
rhenium,  3R  is  surpassed  at  -66  C.  A value  of  0.  0346*i0l>  * cal/g /C 
ha®  also  been  reported,  but  Jaeger  and  Rosenbohm' s work  appears  to  fee 
the  most  complete  and  accurate. 
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The  lias s.?  thermal  expansion  of  close  “packed  hexagonal  rhenium  was 
dstarmimsd  fey  Aft*,  at  al.  (*1»94)  Measurement®  were  taken  at  room  tem- 
perature and  1917  C by  X-ray  methods.  There  was  no  variation  with  tern- 
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3.  1 .1  x 10  3a  Other  values  of  the  resistivity,  ,,  , and  the  temperature  coe- 
fficient of  resistance  determined  by  Agte  and  also  by  Meissner  and  Voigt.0  ^) 
are  found  in  Table  3.  The  temperature  range  covered  is  from  -27  1.64  to 
2710  C.  The  resistivity  of  rhenium  is  approximately  four  times  that  of 
tungsten  at  room  temperature  and  1.  7 that  of  tungsten  at  2500  C.  This  value 
falls  between  those  for  lead  and  strontium. 


TABLE  3.  THE  SPECIFIC  ELECTRICAL  RESISTANCE  OF 

RHENIUM  AT  VARIOUS  TEMPERATURES* 


Resistivity,  p , ohm-cm 
After  After 

Temperature,  Meissner  Agte, 

C and  Voigt  et  al. 


Temperature  Coefficient 
of  Resistivity  From 

£0  C,  C"1 

After  Agte,  et  al. 


-271.  64 

2,  06  x 

-268,  78 

2.  08  x 

-252,  55 

2,  08  x 

-194.  71 

4.  68  x 

-190 

-184.  77 

5.  39  x 

-30 

-- 

0 

~~ 

0.  16 

18.  9 x 

20 

-- 

100 

-- 

2130 

-- 

2420 

“■  ■“ 

2710 

10"6 

•a  mm 

10"6 

„ — 

10-6 

mm  mm 

1q-6 
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10”6 
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selves,  frmii  the  following  equation: 
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where 


Tw  - true  temperature, 

Tt.  = brightness  temperature, 

,\  = 0, 650  micron. 

C?  =14,  3 30,  a universal  constant  for  radiation  processes. 

The  value  of  A A was  found  to  be  0.  42. 

Levi  and  Esperson^^)  reported  a value  of  = 0.  366.  The  black- 
body  temperature  versus  brightness  temperature  of  a rhenium  surface 
(rhenium  plated  on  tungsten)  is  shown  in  Figure  5,  compared  with  tungsten 
and  molybdenum. 


Magnetic  Constants 


Rhenium  was  found  to  have  a paramagnetism  independent  of  tempera- 
ture, in  the  early  1930’  a.  Numerous  papers  were  published,  of  which  a 
brief  summation  of  the  reported  values  follows: 

Coefficient  of  Magnetltm,  Temperature  Range, 


Pete 

Invents*  tori 

X.  cu  aiM* 

- <- 

193  ii 

Albrecht  And  Wedekind^®  ^ 

♦0,  048  x 10’8 

1033 

Perakii,  Capatot  and  Kyitekedei^®®* 

♦68,  7 x 10-8 

80,  -23,  *78 

•»34 

Peraklt  and  Capato*^12^ 

♦0,  046  x iu"8 

♦0.037  x 10‘e 

»• 

1954 

FeraiiH  Slid 

♦0.369  x 10*6 
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J93S 

PrraMi  Cspetoi^®^ 

♦0,336  x to'8 
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FIGURE  5.  BLACKBODY  TEMPERATURE  PLOTTED  AfiAiMST 

BRIGHTNESS  TEMPERATURE  FOR  MOLYBDENUM, 
RHENIUM , AND  TUNGSTEN 
Levi  GtTd  Espefson!,5®) 
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IVraSti*  and  C spat  os  have  done  the  only  extensive  work  in  this  field,  so  it 
m«*i  vv5  ass'erotfd  that  their  latest  values-  are  the  moat  correct.  They  a 're- 
determined several  values  for  the  hmpe r atur c -inde pendent  paramagnetism 


X * 0,  04  x i 0 ' 
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Thus,  it  can  be  seen  that  the  specific  susceptibility  for  Re+ ^ is  one-eighth 
that  of  the  pure  metal,  assuming  the  last  value  i®  most  correct.  Re *4  has 
a variable  paramagnetism.  0^)  Numerous  values  have  been  calculated  for 
rhenium  compounds the  more  important  of  which  have  been  re- 
corded in  Table  9. 

The  magnetic  moment  of  isotopes  ygRe*®'*  and  was  first 

calculated  to  be  3.  3 nuclear  magnetons  for  both,  but  more  recent  work  by 
Alder  and  Yu'*^®'  has  produced  these  results: 


Magnetic  Moment,  nuclear  magnetons 

75R®1®5 

3. 1433  ± 0.066 

75Rel87 

3.  1755  ± 0.006 

This  all  supports  the  thesis  that,  for  atomic  nuclei  with  an  odd  number  of 
proten®  and  an  even  number  of  neutrons,  the  moment  is  from  4.  6 to  0.  1.  (13*) 
Perakis,  Karantassis,  and  Capatos(i27)  found  the  moment  of  Re+  ? to  be 
3.83  Bohr  magnetons,  which  agreed  closely  with  3.87  Bohr  magnetons 
determined  experimentally.  From  this  was  derived  the  above  conclusion 
that  R®+^  ha#  a variable  paramagnetism. 


Position  in  the  Electromotive  Se rigs 

The  trade  potential  of  rhenimn(^20)  versus  the  normal  calomel 
electrode  in  2N  sulfuric  acid  is  0.  6 volt.  This  places  rhenium  between 
copper  and  thallium  in  the  electromotive  series,  a mildly  noble  position. 

Snertra  of  Rhenium 


The  Optical  Spectrum 


Me  a s usr  e.y» » nt  & 

et  Tl*'! 

TT 


arc  spectrum  of  rhenium  commenced  about  1931 


•?mt!  Etvtra 
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s tigstor s ( * 32 , 133,  134^  13h)  became  interssted  in  th*o 
n"  rh»«o>*'i  nitrate.  SthobtrU-J^)  measured  the  arc 
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'•:’t  petr-aeium  prrrfcenat/*  cm  -silver  electrodes 


t-etween  / i 0 k u«»d  1201*  A. 
ws;  the  ;:xedinw>.  A f^'-v  of  the  rso.ta  important  of  these  line s are  recorded 
in  Table  4.  ft  im  Potew*>jriJ»>  ih»t  Meggers  reported  that  at  least  23  per  cent 
of  the  lines  showed  hyper  fine  structure,  For  instance,  the  strongest  line, 

>>rtri  it  i»-  reiiOltr  ! v'  iVllcSffth  Cl  thi“  f i .1*.  i t£ 


.•Os'?,  -SC; 


an  average  of  the  wavelengths  of  these  six  components.  This  type  of  struc- 
ture is  sh»«rt  in  Figure  6.  where  the  wavelengths  of  the  six  c«mp«ui*»»»; » ha* 
also  recorded.  500  of  tl  e lines  showed  an  intensity  greater  than  20  on  a 
1 -to -2000  scale.  These  were  classified  as  a combination  of  115  levels, 
belonging  to  quartet,  sextet,  and  octet  systems.  Meggers  found  the  ioniza- 
tion potential  to  be  ?.  85  volts. 


TABLE  4.  MAJOR  LINES  IN  THE  OPTICAL  SPECTRUM 
OF  RHENIUM 


Wavelength,  Angstroms 

Relative  Intensity 

Remark® 

3460. 47 

600 

Rale  uitime 

3464.  46 

400 

4513. 31 

300 

4889. 15* 

2000 

Strongest,  blue 

5270. 98* 

400 

Green 

5275. 57® 

1000 

Green 

5834.  31 

“Strongest  in  die  visible  spectrum 


Megger  s(138)  later  explored  the  infrared  region  to  11,  000  A,  and 
other  i« v t litigator « ( * 3 ^ , 140.  141}  supplemented  his  work.  King(l^)  ob- 
served furnace  spectra  of  tungsten  and  rhenium  and  concluded  that  all  of 
the  rhenium  line*  originated  in.  the  lowest  energy  levels  of  the  atom.  These 
arc  spectra  are  useful  for  quantitative  analysis... .Although  risen  ium  content 
must  be  less  than  1 per  c ent,  Fi3&  dc  Rubles  4 determined  the^numbers 
of  ray*  corresponding  its  rhenium  c.»ute»te  af  5 k 10~*.  10“  , 10“  , and 
i0~b  Rhenium  in  materials  *>uch  as  e&leite  and  molybdenite  concentrates 

to  0.  1 


88 


34 60.47,  ntttl  3464.72  A 
sii.  but  mo*,  ybd  e n»m  doe  a aat . 


. » ^er  cent  by  using  the  intensity  ox  lines 

- 1«4)  interferes,  ud  to  16  to 
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! ?■!  £,  i II  lit 
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FIGURE  6.  HYPERFINE  STRUCTURE  OF  THE  EINE  4889  A 
Megger*  From  Noddack  and  NoddackC^?) 

Englemanm  145)  studied  spectral  distribution  curves,  and  from  these 
caluclated  photoelectric  thresholds. 


Material 

Wavelength 

Remarks 

Rhenium  block 

2677  A 

Not  in  vacuum 

Precipitated  Re 

2671 

Not  in  vacuum 

Rhenium  wire 

2830 

Partial  vacuum 

Rhenium 

2799 

Calculated  by  Fowler  theory 

Rhenium 

2480 

Probably  best  value  for  completely 
outga^ssd  condition 

Rhenium 

2487 

Corresponds  to  exit  energy 

Thus,  the  optical 

spectrum  of  rl* 

enium  has  been  determined  from  about 

2000  to  1 1;  000  As 

>|3t  jyift 
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I'hc  X -H;» y Spectrum 

X ray;-  w»rc  instrumental  in  the  isolation  of  rhenium^'  •’’*  A'*^f 
and  as  a result  information  on  the  spectrum  of  rhenium  was  available  at  an 
early  date.  The  principal  X-ray  lines  are  reported  in  Table  b.  The  work 
of  ea.rlv  investigators  v;as  checked  by  Cauchois^***'  * who  has  done 

extensive  work  in  this  field  determining  some  of  the  less  common  rhenium 

/ 1 c;  i i *;•;*)  . . 

lines.'"  * " '•  Other  studies  on  new  or  minor  X--  y Hues  have  been  com- 
pleted hy  Idndbeip’  ^^'  ^ and  iVni  (A/1  ..--.--r  ms).  Ingle stam^ -*-*) 

(K-seri.es),  and  Klinkenbevg^  * bb)  Klinkonberg  not;  that  the  6s  electron 
is  more  tightly  bound  than  the  bd  electron. 


TABLE  ;>.  PRINCIPAL  X"RAV  SPECTRUM  UHLS  OH  RHENIUM 


3EKSBP KSW 

X~R?  v Lines  in 

Angstroms 

Line 

Dolejlek 

19f>.6(14> 

Berg  unci  Tacke 
1926<101> 

Wennedof 

192B(146> 

Beu  the 

l928(M7.i48) 

Cauchois 

1936-7<K9. 150) 

Ls 

1 

1430 

1429.  9 

1429.  97 

1429.  8 

1429.  37 

la 

- 

1440.  7 

1441.0 

1440.  7 

1440.  96 

2 

1263.3 

1236.2 

1236.  03 

1235.9 

1236.  92 

1204.  3 

1204.  8 

1204.  08 

1203.  8 

1204. 16 

l[i 

- 

(1216) 

- 

1217.6 

1217.81 

lPi 

** 

" 

** 

1266.  3 

1268. 60 

“ 

* 

** 

1174.7 

1174.80 

Lfle 

** 

“ 

1248. 1 

1248. 46 

lpt 

” 

** 

1183.3 

1183.71 

lfi 

“ 

- 

“ 

1190.  0 

“ 

L/1 

- 

- 

- 

1162.4 

1162.48 

L/i 

10 

- 

- 

- 

1169.  8 

1169.74 

Ln 

1 15 

' 

“ 

* 

1206.  7 

1205.71 

\ 

1059 

“ 

1058.  7 

*“ 

L 

V 

'9 

- 

* 

* 

1029.  8 

1030. 25 

\ 

- 

- 

- 

1023.5 

1024.  06 

Lv 

' S 

1034.3 

1034.92 

VwL’J157)  d 

- a £ Of.  V*  **’»'?  '"’Ti****?  2- 1-4® 

h#lw««n  K ...  K _ 

K n.  and 

h i 
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Three  methods  wn-e  used;  the  transition  method  of  Kiistaer,  the  double 
filter  method  of  Ror-  i,  end  she  triple  -filler  method  of  Wollam. 

The  R -absorption  limit  for  rhenium  was  listed  as  173.3  A by 
i'oiland'*^®)  and  Wennsridfi^  0.  This  was  recently  revised  to  172.66  A by 
Manescu.  \ A-  9)  Several  physicist*  have  found  the  L-ahsorption  limits;  their 
woi k is  smnmariised; 


>1 

Bs.ufh.-.(t4f<) 

937. 1 

StridMiCjmffiO,  180) 

087.3 

Cfeuch0i*(i4i*) 

987.59 

Lb 

- 

1035.4 

1034.73 

- 

L(i"vvuitc  i ay 

10SJ.0 

- 

1034.  33 

*-UJt 

- 

1175.5 

1174.63 

1174.63 

I.jjj-whitc  ray 

U7H.  8 

1172.  7 

1174.  05 

1174. 05 

Manescm  16 1)  also  studied  and  recorded  the  absorption  edges  for  the 
double  hydrate  o£  rhenium  dioxide  and  for  potassium  perrhenate.  A high- 
traasmission  region,  a,  and  a low  .-transmission  region,  /},  were  found. 

Nuclear  Properties 


Nuclear  Moment 

The  nuclear  moment  of  both  naturally  occurring  isotopes  of  rhenium, 
75Re^^  and  is  5/2.  (195,  162)  Jt  was  noted  in  the  Optical  Spectrum 

section  that  many  of  the  rhenium  lines  are  hyperfine.  The  hyperfine  lines, 
if  resolved,  show  "Flag"  patterns  caused  by  a diminishing  of  intensities 
from  one  side  to  the  other.  Since  this  "Flag"  effect  is  regular,  both  iso- 
topes must  have  the  same  moment,  5/2.'^^'  This  is  character- 

istic of  atoms  with  two  isotopes,  of  odd  atomic  number,  and  odd  atomic 
weight^kfi),  an{j  was  verified  bv  Schmidt,  who  also  found  that  ;t  s 3,3 
Kernmagnetons  for  Sch&ler  and  Korshing^ found  that  an 

addition  of  2 neutrons  to  the  nucleus  (Re*®^  ~ — $ Re*®?)  increased  the  ratio 
of  the  magnetic  moment  to  the  atomic  number  by  1.  0108.  This  addition*  ' 
produced  only  a smalt  change  in  the  magnetic  moment  (about  1 per  cent), 
which  is  characteristic  of  other  elements  similar  to  rhenium,  such  as 
thallium  and  copper.  Because  of  the  production  of  a minimum  change,  the 
heavier  isotope  hag  the  greater  magnetic  moment.  These  authors  also 
found  marked  deviation  from  the  interval  rule  in  the  term  fine  structure 
which  allowed  calculation  of  the  ouadrupole  moment,  +2.  6 x 10  for  the 
3LS  coupling  (verified  by  SolomorJ This  implies  a lengthened  nucleus. 
Introduction  of  the  two  neutrons  also  alters  the  quadrupole  moment  (a  few 
per  cent)  hut  in  the  opposite  direction  from  the  magnetic  moment.  The 
isotope  displacements  were  about  60  sc  10”^  sm**,  with  ?{.Rei87,  toward 
the  red.  b»-  summarised  the  information  as  follows; 
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I s olupe  s of  Rhenium 

Naturally  Occurring  Isotopes.  It  has  been  noted  above  that  rhenium 
has  two  naturally  occurring  isotopee,  and  These  occur 

in  the  ratio  of  L 1.  62(105,  161) 

and  the  packing  fraction  is  -1  * 2,  identical 

with  osmium. 

Of  the  two  isotopes,  7gRe  ^ is  the  more  interesting.  It  is  radio  - 
active and  gives  off  a ft  -particle *?*>  1/2)  jfcs  half-life  was  found  to  be 
(4  i 1)  ::  10*2  year <5  by  N«5drett  and  J.ibhy^*^*);  this  data  way  confirmed 
and  broadened  by  Sugaymann  and  Richter'*  ■*)  who  stated  that  the  half-lives 
of  75Re*®^  cluster  info  two  groups,  4 x 10*2  and  6.  5 x 10*2  The 

/1-range  is  3.  5 mg  of  aluminum/sq  cm,  giving  an  upper  energy  limit  of  about 
43  ekv.  7 -Re *8?  also  possesses  a short-lived  isomer,  a comparatively 
rare  occurrence  among  atomic  nuclei.  The  isomer,  ?5Rel87*,  was  found 
by  DeBenedetti  and  McGowan(*^»  175)  who  assigned  it  a half-life  of  0.  65  x 
I0~^  second  with  an  energy  of  0.  62  mev.  They  later(*^6)  estimated  the 
halt-life  to  be  IZ.  9 ± 0.6)  x 10"'  second.  Its  existence  was  confirmed  by 
Bunyan,  et  al.  who  .found  a half-life  of  (5.  26  * 0„  12)  x 10"  ^ second. 

The  isotopes  of  rhenium  are  also  produced,  of  course,  as  decay 
products  cf  7^W*95  antj  jn  factj  a study  of  the  disintegration 

of  24-hour  74W*®^  led  to  the  discovery  of  75Rc*®^*.  (*  In  general, 

74W  yields  a 0.  55-mev  /5-particle  when  decaying  to  75Ke  135.  (1 78) 

74W*®7  decays  to  ^Re*®?  through  emission  of  a 1.  4 -mev  /j-particle,  or 
a complicated  series  of  y - ray  emissions.  *?9,  180) 

Perlman  and  Friedlander'*®  bombarded  7gRe*®7  with  100-mev  and 
50-incv  X-rays.  They  found  the  {y,r,)  yields,  relative  to  N**(y.  n)Nl3  yield 
as  unity,  to  be  82.  5,  82.  0. 


Artificial  Isotopes  of  Rhenium.  Numerous  radioactive  isotopes  of 
rhenium  have  teen  produced  artificially.  The  first  step  in  this  direction 
was  by  Amaldi,  D'Agostino,  and  Sigrel  *®2),  who  claimed  neutron  bom- 
bardment produced  a 37-hour  period.  This  has  not  been  found  since,  but 
F ermi^  183)  with  the  above  authors,  found  a half-life  of  about  18  to  20  hours. 
This  was  confirmed^ i®^),  and  one  of  35  hours  was  also  found.  Other  in- 
vestigators soon  were  working  in  this  field,  their  work  being  summarized 
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iruii!  tin*  table  that  about  seven  artificial  isotopes  of 
1.H2  t?  .I83  j „ l £4 
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aau  V5IU  1 'f 
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7V'*‘  ■ 


.^Rc‘88, 
» !>  * 


ported  in  tHe  table, 


evidently  been  prepared  and  studied  tu  a limited  de: 


U i i 


Of  all  these,  ^Rc1^  and  7 5 R r ••  d “ are  by  far  the  most  common,  and  when 
funned  from  rhrniusn  occur  in  close  nr.  nor  lion  to  the  natural  abundance  of 

75K.-1S 5 *nd  ,5Rc>a?.(!06) 


In  general;  the  preparation  o*  the  luwe r isui opes  ui  rdtcnluin 
75Re  Und  7 5 Re  -84)  has  been  by  bombardment  «»f  tantalum,  tungsten,  or 
rhenium  with  20  to  40-mev  particles v *95,  20 1,  2 12}j  ZO-mev  ueutci 
195,  2I3)j  or  10-mev  protons( i88>  195,  204,  2 13)  For  example,  Gile, 
Garrison,  end  Hamilton^* produced  the  following  reactions  from 
tungsten  and  tantalum: 


Ta181  («,n)Re184 
Ta'81  («,  2n)Re163 
Ta181  («,  in)Re 182 


W182  (d,  n)Re  183 
V/183  (d,  2n)Re183 
W lHi  (cl,  n)Rc 


WIg4  (d,  2n)Rei84 
W182  (a,pn)Re184 

The  common  isotope®  such  me  y^Re*88  and  yi&Re*®8  are  produced  by 
irradiation  of  rhenium  with  or  slow  and  fact  neutron®( 2!4)( 

irradiation  of  compounds  (*94)^  or  irradiation  of  tome  other  metal09l).  The 
higher  isotopes,  7§Rs-®9  or  7§Re*9i,  ftre  py*pftred  by  neutron  or  X-ray 
irradiation  of  rhenium  or  some  other  neighboring  element.  (201,  202) 


Other  Nuclear  Properties 

Rhenium  was  found  by  Goldsmith  and  Rasetti(215)  to  exhibit  resonance 
capture  for  neutron®  of  high  energies  (30  to  85  v).  The  capture  cross  section 
for  alow  neutrons  was  calculated  by  Sinma  and  Yamasaki^2 *8),  who  found  a 
cross-section  value  of  <•  ® 85  x id2*  cm2  for  75R*---  and  .7  = 62  x 1 024  cm2 
for  75Re  ^87.  The  thermal -neutron  cross  section  reported  by  the  AEG  is 
84  barns  per  atom.  C2^)  Seren,  Friedlander,  and  Turkel(2*8)  measured 
these  properties  of  rhenium  powder  as  listed  on  page  38.  t5&*  possessed 

a large  capture  cross  section  according  to  Cork(  *93)  and  also  according  to 
Hibdoa  and  Meuhlhau**'2  *9)^  4i<j[  farther  work  on  this  subject,  Harris, 

et  &l.(220),  measured  the  neutron-absorption  cross  section  for  rhenium  in 
the  neutron  flux  of  the  Argonne  ^eavy-water  reactor,  and  found  the  ^pn* 
to  equal  120  barns.  Pomer&nce^22®  •'  determined  the  thermal,  neutron- 
capture  cross  section  to  be  84  barns,  M*uhlhause(22*)  also  measured  the 
’her  of  y - t ®. v * and  v_  /neutron  capture  for  rhenium.  The  value 
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Rri. 

f!:, 

Y~  • 

H’15  ! H,: 

(Sow  ay, 

a*, -x v 

Tyfvo  »r 
4)i<nen 

Hull  Lila 

r»185 

Energy. 

M*v 

Typa  «r 
R. solatia;-. 

Beach,  et  al. 

las 

1949 

- 

- 

- 

- 

Langer  and  Price 

199 

1949 

- 

- 

- 

- 

- 

- 

Grant  sad  Richmond 

200 

1949 

- 

- 

- 

- 

- 

- 

BuisiisuiiJ 

201 

1950 

- 

- 

- 

- 

- 

- 

Lindner  end  Coleman 

202 

1950 

- 

- 

- 

- 

- 

- 

Chu 

203 

1950 

- 

- 

- 

“ 

- 

- 

Wilkinson  and  Hicks 

204 

1950 

64  hr 

0.11,  0.24 
0.22,  1.5 

Particles 

y 

-*'240  hr 

0.16 
0.4,  1.6 

Particles 

y 

12.3  hr 

0.16,  -1 
0.4,  1.6 

Particles 

y 

Metzger  and  Hill 

20b 

1951 

- 

- 

- 

- 

- 

- 

^ ...i  Ct>u  Colcrnzn 

206 

1951 

Steffen 

207 

1951 

Turner  and  Morgan 

208 

1951 

120-140 

days 

0.1,  J.30 
0.76 
1.07 

Particles 

Particles 

y 

Stover 

209 

1951 

12.7  hr 
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! -.r.yy. 
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f 1 1 V . , i 1 
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3.21? 

> 

- 

- 
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90  hr 

i.or,:r 

!'■ 

- 

- 

- 

90  hr 

1.095, 
0.945  , 0.64 
0.132,  0.275 

/■' 

y 

- 

- 

- 

- 
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- 

- 

- 

- 

- 

17  mini?)  ) 7 min'?) 

- 

- 

- 

- 

- 

- 

- 

- 

Months 

- 

- 

- 

90  hr 

0.96 

P 

17  hr  2.2 

P 

50  days 

0.2,  “0.7 

Particles 

0.17,  1.0 

y 

12  days 

0.2, *1 

Particles 

90  hr 

1.07 

P 

0.93 

P 

0.3 

P 

16.9  hr 

90  hr 

1.070 

P 

0.942 

P 

0,1,  0.2 

Particles 

3~3  days 

0.7 

Particles 

250-300 

See  note  below** 
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Natural  .ibuiiil-- ft  - <.  eni 

Half-life  A.  t 1 isotope,  hours 
Isotope  cross  section,  borne. 

Natural  atomic  cross  s->cti»n,  barns 
Error,  per  cent 

absorplinn  rrmffiru*ni  «>f  /?—*»*«  rth  It* , 
cm^'/g  of  aluminum 
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Dempster'  s packing-fraction  curve  indicated  that  no  X-rays  should 
result  from  K capture,  this  has  been  substantiated  by  expe  rirnent.  (222) 
The  low-energy-neutron  resonance  absorption,  scattering  intervals,  and 
resonance  scattering  fractions  Tn/T  for  y^Rea^  = 0.  11.(223) 


THE  ELECTRONIC  PROPERTIES  OF  RHENIUM 


Since  the  discovery  of  rhenium  in  1925,  a comparatively  small  amount 
of  work  has  been  done  on  the  investigation  of  the  physical  properties  of  the 
metal.  This  appears  to  be  a result,  at  least  in  part,  of  the  unavailability 
of  sufficient  quantities  of  the  metal  in  a high  state  of  purity.  It  is  highly 
probable  that  if  sufficient  use  is  found  for  rhenium,  a suitable  means  of 
producing  metal  with  the  required  purity  would  be  developed.  For  most 
electron-tube  applications  it  is  desirable  to  have  the  construction  materials 
of  very  high  purity,  or  at  least  of  a controlled-impurity  content. 

Rhenium  is  believed  to  have  physical  and  electrical  properties  which 
might  make  it  a desirable  material  for  certain  electron-tube  applications. 


Emission  Constants 


Only  two  sets  of  emission  constants  for  rhenium  have  been  found  in 

the  literature.  The  first  measurement  of  the  emission  constants  of  rhenium 

was  made  by  Alterthum( ^0)>  These  were  determined  for  a surface  of 

rhenium  deposited  on  tungsten  by  vapor-phase  decomposition  of  a rhenium 

halide.  The  values  which  were  reported  are  a work  function  of  5.  1 electron- 

•)  ■) 

volts  when  the  Richardson  constant  is  200  amp  cm”*  K ' '' . The  second  sei 
of  constants,  as  determined  at  the  Philips  Laboratories  by  Levi  and 
Espersen,  (see  Figure  7)  gives  a work  function  of  4.  74  electron-volts  with 
a Richardson  const  an?,  of  7?-0  amn  cm  "2  {£-2.(119)  The  surface  used  was 
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J is  the  me  assured  emission  t’urrr-nt  in  amperes  * rn 
A is  the  Richard  ion  constant, 

T is  the  temperature,  K, 

4>  is  the  work  function, 

K is  the  Boltzmann  constant. 

Theoretically,  the  Richardson  constant  should  be  120  amp  cm~^  K~^.  For 
most  metals  the  experimental  value  for  this  constant  is  about  60  amp  c m ~ 2 
K~^.  When  the  value  of  this  constant  significantly  exceeds  the  theoretical 
value  of  120  amp  cm ~2  K"2}  or,  in  the  case  of  metals,  60  amp  cm_2  K^, 
there  are  usually  impurities  present  on  the  surface  of  the  material.  (224) 
For  this  reason  it  is  believed  that  the  emission  constants  which  have  been 
reported  for  rhenium  are  not  those  of  the  pure  metal.  The  existing 
thermionic  emission  constants  for  rhenium  indicate  that  additional  meas- 
urements will  be  necessary  in  order  to  establish  better  values. 


Secondary-Electron  Emission 


The  secondary-electron  emission  of  rhenium  has  been  measured  for 
bombarding  energies  of  from  50  to  8000  electron-volts,  (225)  The  maximum 
yield  of  1.  3 occurs  at  an  energy  of  about  900  electron  volts.  For  com- 
parison, the  maximum  yield  for  tungsten  is  1.  38.  The  most  probable 
energy  o£  secondary  electrons  from  rhenium  was  found  to  be  approximately 
5 electron-volts. 


Photoelectric  Threshold 


The  photoelectric  threshold  for  rhenium  was  determined  in  1933  by 

Eiigelmami.  ( -4*)  Measurements  were  made  on  rneniuxu  iu  Iivili  LI :L  t_;i 

precipitated  form  in  systems  which  were  not  evacuated.  The  photoelectric 
threshold  reported  for  rhenium  in  block  form  was  2677  A.  The  photoelectric 
threshold  for  rhenium  in  the  precir>it*'e.-s  form  was  fwumd  to  Lc.  2671  A.  Tb~ 


r>  *»  j * » > n s t i t u i c 


,.  .A  * 


p h * ■ i i ; tt  }, ,■"* . ti*i*  • i i r £ S ii i> i l!  W hi i iL  i \ was  reported  for  u rhenium  v.ire  in  a partial] 
vacuum  wan  fouuu  to  be  2830  A These  thr.-r  values  were  calculated  ivz.-ra 
spectral -di stribution  corves 


When  the  Fowler  theory  was  used  to  determine  the  photoe  1 «c t rx e 

threshold  of  the  rhenium  wire  in  a vacuum,  a value  of  2799  ± 3 A was  found. 
This  threshold  corresponds  to  a photoelectric  work  1 unction  of  approximately 
4.  42  electron-volts.  With  the  usual  experimental  procedures  and  techniques 
for  e af«iAUditiOiA  Oi  tl”*c  pliOtOcivCtTK  c iiieiita  of  tlic  wuxk  fimctiOUy 

are  not  so  sensitive  to  surface  impurities  and  are  more  nearly  correct  than 
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with  the  thermionic  emission  work  function,  experienced  technologists  would 
accept  the  photoelectric  value  as  being  most  nearly  correct.  If  this  value  is 
correct,  the  work  function  for  rhenium  is  slightly  lower  than  the  work  function 
for  tungsten. 


Hall  Effect 


Ascherman  and  Justi  have  reported  work  on  the  electrical  conductivity, 
magnetic  increase  of  resistance,  Hall  effect,  and  superconductivity  of 
rhenium.  (226)  The  Hall  constant  for  rhenium  is  reported  to  be  anomalous, 
having  a value  of  +3150  x 10~&  emu.  The  increase  of  resistance  of  rhenium 
in  a magnetic  field  has  the  same  characteristics  as  do  other  metals  of  un- 
even atomic  number. 

Bhenium  becomes  a superconductor  at  a temperature  of  0.  95  K. 


Ionization  of  Sodium  and  Cesium  Vapor 
on  Glowing  Rhenium  Surfaces 


The  yields  of  ionized  atoms  in  sodium  and  cesium  vapor  at  a rhenium 
surface  are  20  per  cent  and  50  per  cent,  respectively.  This  compares 

with  a value  of  8.  5 per  cent  for  sodium  vapor  at  a tungsten  surface  and  45 

vp r r*»nt  for  radium  vane-ir  at  a tiinoatan  anrfare  The  vield  versus  temnera- 

X A — *•  — -9 t a 

ture  relationship  for  cesium  at  the  rhenium  surface  does  not  agree  with 
Langmuir 1 s theory  since  the  absolute  values  of  yields  are  below  the  theo- 
retical amounts.  For  sodium  vapor  this  relationship  is  that  given  by  the 
Langmuir  theory. 


Detector  Effect  of  Rhenium  Sulfide 


The  detector  effect  of  rhenium  sulfide  has  been  investigated  by  Tiede 
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•s  for  their  tests.  The  delrrt.nr  etfe.~t  was  » 
molybdenum  sulfide  and  tungsten  sulfide-  but 
was  so  small  that  it  could  not  he  meu-jured 


with  the  equipment  which  was  at  hand. 
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In  order  to  facilitate  evaluation  of  the  possibility  of  using  rhenium  in 
electron  tubes,  Table  7 was  assembled  to  compare  the  more  pertinent 
properties  which  determine  the  performance  of  electron-tube  components. 

As  may  be  seen  from  the  table,  the  spectral  emissivity  of  rhenium  is  the 
lowest  of  those  metals  listed.  This  indicates  that  rhenium,  without  treat- 
ment, is  the  least  applicable  where  heat  dissipation  by  radiation  is  of  prime 
importance.  Rhenium  has  a higher  electrical  resistivity  than  any  of  the 
metals  listed  in  the  table.  This  would  allow  wire  of  larger  cross  section 
to  be  used  for  filament  applications.  The  melting  point  of  rhenium  is  second 
only  to  tungsten  for  the  metals  listed  in  the  table.  The  secondary-emission 
yield  is  comparable  to  that  of  other  metals  listed.  For  most  grid  applications 
rhenium  would  have  to  be  plated  with  gold  or  nickel  because  of  its  secondary- 
emission  properties.  Although  the  emission  constants  for  rhenium  have  not 
been  well  established,  it  appears  that  rhenium  might  be  a better  emitter 
than  tungsten.  The  information  given  in  the  table  indicates  that  the  boiling 
point  of  rhenium  is  comparable  to  that  of  tungsten.  For  most  purposes  it 
appears  that  rhenium  might  be  superior  to  other  refractory  metals  in 
electron-tube  applications. 


METALLURGICAL  PROPERTIES 


Information  on  the  metallurgy  of  rhenium  is  extremely  scarce.  Only 
one  measurement  of  the  tensile  strength  and  elongation  has  been  carried 
out,  and  that  on  a very  fine  wire.  A little  more  is  known  about  rhenium 
alloys,  but  practically  nothing  about  the  alloy  structures  has  been  recorded. 


Mechanical  Properties 


Tensile  Strength  and  Elongation 

Agte  and  co-worker  s(9L  94)  found  the  tensile  strength  of  0.  25-mm- 
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TABLE  7.  COMPARISON  OF  PROPERTIES  OF  REFRACTORY  METALS 
(All  references  after  KohlU2?)  except  those  indicated) 
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Emission  current  calculated  for  the  two  sets  of  constants 
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Tilt'  M.ifii'.-i ; k--;(  ' ' ) first  reported  .1  ha  rdne  •. of  250  Brinell,  but  did 
not  specify  the  state  or  purify  of  the  rhenium  imt.il.  !t  was  probably  an- 
nealed. Knik  and  1 >e  renC^)  t lift  kcil  this  with  sprn.il  measurements  when 
they  determined  hanlm-ss  values  tor  electrudepostu-d  rhenium.  The  hard- 
ness of  the  elect  rodepnsited  plaio  was  also  Z5f>  it  all.  t ompared  with  400 
for  t hromiiini  plate  and  iHi!  lor  i ..m  plate. 


In  a study  of  the  so-ealled  "fralam.il  strength"  characteristics  of 
rhenium-  os  mium  .ill o v s VV  inkle  ;■(*--  ' ' - 1 found  V inker  s.  values  a£  247  and  6)3*? 
for  pure  rhenium  in  I'uc  annealed  and  cold-workeft  states,  respectively.  In 
these  ranges  of  hardness  readings,  the  Vickers  value  of  247  is  practically' 
identical  to  250  Brinell.  Winkler  also  reported  readings  of  463  Vickers  for 
annealed  tungsten  and  18  3 for  annealed  osmium  (see  Fable  8). 


TABLE  8.  CHARACTERISTICS  OF  SOME  OSMIUM- 
RHENIUM  ALLOYS  (After  Winkler) 


Alloy 

a 

c/a 

Abrasion 

Resistance 

Sc  ralch 
Hardnes  s 

V ickers 
Hardness 
(annealed) 

100 -Os 

2.  725 

1.  583 

100 

79 

438 

75-25 

2.  728 

1.  586 

53 

78 

550 

50-50 

2.  740 

1.  595 

28 

59 

533 

25-75 

2.  750 

1.  602 

25 

50 

356 

100-Re 

2.  754 

L 613 

2 i 

32 

247 

Recently,  hardness  readings  on  cross  sections  of  hot-wire -deposited 
rhenium  were  taken  in  this  laboratory.  The  average  hardness  of  pure  hot- 
wire rhenium  was  about  170  Vickers. 


Frictional  Properties 

These  properties  govern  wear  resistance,  according  to  Winkler^^^, 
who  evaluated  several  metals  from  s c rate b -ha rdne s s measurements  (Table 
8).  The  scratch  hardness  was  listed  as  32  for  "soft"  and  36  for  "hard" 
rhenium.  The  former  value  can  be  compared  with  34  for  tungsten  and  79 
for  osmium.  Frona  these  scratch  hardnesses,  Winkler  showed  that  "fric- 
tional strength"  increased  from  tantalum  (atomic  number  73)  through 
tungsten  (74)  and  rhenium  (75)  to  osmium  (76)  and  then  dropped  off  rapidly 
for  iridium,  platinum,  and  gold  (77,  78,  and  79,  respectively).  Rhenium, 
then,  was  second  in  "frictional  strength"  only  to  osmium. 
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Abrasion  Resistance 


In  the  above  study,  the  abrasion  resistance  was  determined  to  be  II 
for  tungsten,  21  for  rhenium,  and  100  for  osmium  (see  Table  7). 

It  is  note  wot  thy  that  rhenium,  although  second  best  to  osmium  in  the 
types  of  properties  just  discussed,  betters  tungsten  on  almost  every  count. 


Alloys  of  Rhenium 


Tungsten 

Becker  and  Moera^  determined  the  melting  points  in  the  system 
tungsten-rheniurn.  The  alloys  were  prepared  as  small  rods  by  sintering 
techniques  and  installed  as  anodes  in  an  electric-arc  system.  After  pri- 
mary ignition  of  the  anode,  the  current  was  raised  until  melting  of  alloy 
anode  was  observed,  at  which  .ime  a large  melted  bend  was  allowed  to 
form  in  the  head  of  the  anode.  True  temperature  was  calculated  and  the 
results  combined  with  the  melting  point  determination  of  Agte,  et  al.  (91,  94), 
The  resultant  solidus  curve  is  shown  in  Figure  8.  It  can  be  seen  that  the 
melting  points  of  both  pure  metals  were  lowered  by  addition  of  the  second 
component.  However,  a maximum  occurred  at  about  60  per  cent  rhenium, 
which  the  authors  assumed  to  be  a new  phase  with  a melting  point  of  about 
3010  C.  The  composition  of  this  phase  was  equivalent  to  the  formula 
W^Re^,  and  it  formed  a eutectic  with  tungsten  and  rhenium  on  both  sides 
of  the  maximum.  The  melting  points  of  these  minima  were  2890  C and 
2820  C,  respectively.  Radiographic  examination  verified  the  presence  of 
the  new  crystalline  form,  different  from  both  tungsten  and  rhenium  (Figure 
9).  It  was  also  shown  that  W^Rej  was  slightly  miscible  in  tungsten  as  the 
saturated  solid  solution  of  the  new  phase  in  tungsten  caused  a lattice  con- 
stant decrease  of  1. 4 per  cent  for  the  tungsten.  Solution  in  rhenium  was 
not  proven.  A limited  solubility  for  both  tungsten  and  rhenium  in  the 
W2R«3  phase  seemed  to  exist. 

Small  amounts  (0,5%)  of  rhenium  added  to  pure  tungsten  markedly 
increased  the  electrical  resistivity(9 1,  94)  according  to  the  following 
figures: 

Wire  Diameter 

0,  15  mm 
0.  02  mm 


Iron 

This  is  the  only  binary  system  other  than  tungsten  which  has  been 
reasonably  well  studied.  Eggcrs^33*  found  five  ph? s in  establishing  the 
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As  Drawn 

11.5% 

13.5% 


Re  crystallized 

12.  3% 

14.  5% 
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FIGURE8.  SOLIDUS  CURVE  OF  THE  TUNGSTEN- RHENIUM 
SYSTEM  . 
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FIGURE  9.  SCHEMATIC  DIAGRAM  OF  THE  DEBYE -SCHERRER- 
ROENTGEN  PHOTOGRAPH  OF  W,  W2Re3  AND  Re 
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1.  e -phase  — This  is  probably  FejR^  and  showed  a low 
solubility  for  iron  down  to  room  temperature.  It  was 
very  hard. 

2.  rj  -phase  — A phase  of  wide  solubility,  apparently 

on  JE*  ~ j je\?! ^ xy  rnicu  i i y 

3.  S-iron  — Decomposes  eutectoidallv  to  y-  and  n - phases  at 

1540  C. 

4.  y -iron  — Face -centered  gamma  iron  whic  h 
dissolves  up  to  40  per  cent  rhenium  at  1205  C. 

5.  a -iron  — Body-centered  alpha  which  dissolves  up  to 
29  per  cent  rhenium. 

Carbon 

In  general,  rhenium  does  not  react  readily  with  carbon,  and  one 
writer'^-^J  reported  that  rhenium -methane  reaction*  were  too  slight  for 
observation.  Another^5)  stated  that  no  carbides  were  formed  with 
rhenium.  However,  Trzebiatowski^®^)  heated  rhenium  in  methane  and 
reported  an  increase  in  the  carbon  content  in  the  temperature  range  800  to 
2200  C.  One  per  cent  carbon  was  taken  inter stitially  into  the  rhenium 
lattice,  causing  an  expansion  to  take  place. 

When  rhenium  powder  was  treated  with  carbon  monoxide,  a more 
noticeable  reaction  occurred.  The  carburization  effect  depended  greatly 
on  the  activity  of  the  rhenium  powder,  the  most  active  being  a fine-grained 
product  prepared  by  reduction  of  ammonium  perrhenate. 

Large -grained  rhenium  powder  took  carbon  into  its  lattice  from 
carbon  monoxide  at  410  to  1100  C,  which  resulted  in  a greater  lattice  ex- 
pansion than  when  rhenium  was  treated  with  methane.  This  expansion  then 
receded  to  smaller  values  (e.g.,  the  solubility  decreased)  than  those  re- 
sulting from  methane  treatment  if  the  temperature  was  raised  above  1100  C . 

The  active,  sm&P-pr&ined  rhenium  formed  a new  phase  when  treated 
with  monoxide  at  470  C or  at  600  C.  One  analysis  reported  by  Trzebiatowski 
for  a 600  C test  showed  4,9  per  cent  carbon  content,  but  the  other  part  from 
the  same  specimen  showed  only  1.0  per  cent  carbon,  normally  the  highest 
carbon  content  found.  The  new  phase  probably  is  rhenium  carbide  or  a 
mixture  of  carbides.  This  carbide  was  unstable  at  high  temperatures,  and 
decomposed  above  1600  G to  form  rhenium  metal  as  one  of  its  decomposition 
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equilibrium  diagram  up  to  50  per  cent  rhenium  (Figure  10).  The  phases 
are: 
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hts.avcs  toward  carbon  as  an 


li.. nt  inter- 


mediary between  tungsten  and  osmium.  Osmium  also  does  not  form 
te rr.pe rafcttre-reaistau;.  c ar nid< a , 


Mercury 

During  the  electrolysis  of  aqueous  potassium  f>prrhenatel236)#  hy- 
drated rhenium  dioxide,  ReO^*  SH^Q,  and  an  amalgam  were  deposited  at 
the  mercury  eat  node,  indicating  that  rhenium  does  amalgamate  with  mer- 
cury. DrucsC®^)  also  reported  that  rhenium  formed  amalgams. 


Tin 

X-ray  studles^3^)  have  indicated  that  tin  is  not  soluble  in  rhenium, 
and  rhenium  is  not  soluble  in  tin. 


Zirconium 

Wallbaum(238)  reported  on  the  lattice  constants  of  the  compound 
ZrRe2* 


Osmium 

In  his  study  on  frictional  strength,  Winkler(232)  preparecj  a fcw 
osmium-rhenium  alloys  which  he  subsequently  tested  for  abrasion  resist- 
ance. The  lattice  constants  of  these  alloys,  given  in  Table  8,  show  com- 
plete mutual  solid  solubility. 


Miscellaneous  Alloys 

Numerous,  patents  and  papers  have  presented  other  binary,  ternary, 
and  quaternary  alloys  containing  rhenium.  These  alloys  were  most  com- 
monly developed  for  thermocouples  or  high- wear -resistant  applications. 

An  early  patent^3^)  stated  that  rhenium  will  alloy  with  platinum, 
rhodium,  iridium,  silver,  or  copper.  It  was  recommended^^)  that  a 
3.  15  per  cent  rhenium  balance  platinum  versus  platinum  thermocouple 
be  used  to  replace  the  common  Pt/PtRh  couple.  According  to  a Fiat 

report(^4  l)s 

the  use  of  rhenium  to  replace  all  or  part  of  the  rhodium  in 
thermocouples  in  this  manner  evidently  became  fairly  widespread  in 

Germany  in  the  1930®  2 , 
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It  was  also  tound  at  mis  time  Lh««.t  if  rhenium  «'»«  to  iridium 

In  air  founts  up  to  1-  per  cent,  better  wire-drawing  properties  were  ob- 
tained. 

Several  refractory  alloys  were  patented  by  Hensel  and  Ernmert*24^, 
244)„  The  se  alloys  were  reported  to  be  fine  grained,  with  low  electrode 
emissivity,  and  excellent  properties  for  make -:md~  break  contacts.  Their 
compositions  were: 


1 

II 

TTT 

JLXi 

Re 

0.  01-10 

0.01-25 

15-25 

Mo 

1-20 

^ A / rt 

cu-ov 

20-60 

W 

Bal 

40-80 

40-60 

Hard,  white  alloys  of  2 or  more  per  cent  rhenium  with  a balance  of 
tungsten,  molybdenum,  chromium,  tantalum,  nickel,  cobalt,  or  iron,  have 
also  been  patented'24^),  and  are  reportedly  good  for  pen  nibs.  In  addition, 
alloys  for  pen  nibs  containing  rhenium  as  base  metal  (50  to  99.  9 per  cent) 
have  been  patented.  (95,  96,  246)  They  are  made  by  powder-metallurgy 
techniques  and  may  be  precipitation  hardened.  Three  typical  alloys  of 
this  latter  type  arc:(^2) 


(1) 

60Re 

15Ni 

10W 

15Pt  or  Ru 

(2) 

90Re 

6W 

3Ta 

INi  or  Co 

(3) 

75Re 

20Pt 

5Ni  or  Co 

Alloy  (2)  above  is  the  hardest  of  the  three  listed.  Many  of  these  develop- 
ments were  triggered  by  an  osmium  shortage  in  Germany. 

An  alloy  of  95Pt-5Re  was  found  useful  for  platinum-base  electrodes, 
as  it  was  claimed  to  possess  better  corrosion  resistance  than  pure  platinum. 
If  true,  this  alloy  is  extremely  resistant  to  corrosive  attack,  for  platinum 
is  considered  the  most  corrosion-resistant  metal  in  existence.  Five  per 
cent  rhenium  hardened  platinum  better  than  twice  as  mud*  iridium.  Rhe- 
nium, it  should  be  noted,  is  cheaper  than  iridium.  (24) 


Corrosion  Resistance 


The  following  information  on  the  corrosion  resistance  of  rhenium  is 
classified  according  to  corrosive  media. 


Atmosphere 

Rhenium  oxidises  in  &ir(91),  and  when  heated  to  1000  C it  oxidizes 
at  the  same  rate  »»  tungsten.  When  only  10  per  cent  oxygen  is  present  in 
the  ambient  atmosphere,  no  attack  occurs  below  1600  C,  and  above  1600  G 
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> l oxiui/.c b about  1/5  ub  idii  aa  V/otcr  vapor  or  carbon  dioxid? 

in  atmosphere?  of  hydrogen  or  nitrogen  speed  oxidation,  but  when 
the  metal  ’«  heated  in  moist  hydrogen  at  2000  C,  passivation  occurs  toward 
the  iiiOlu*'- <••• die  ro  tod  ovid.^f ion.  When  to  passivated,  it  still  oxidizes 
in  dry  air.  Sintered  rhenium,  particularly,  corrodes  quite  readily  in  air, 
and  evidently  suffers  a more  serious  type  c-f  attack  than  has  been  noticed 
for  plated  or  arc-melted  rhenium.  (89/  As  would  be  expected,  the  corrosion 
product  is  the  hepiuxide  which  is  readily  hydro!'/ v*1  to  per^henic  acid,  a 
corrosive  media  -n  its  own  richt. 


Codeposits  of  rhenium  with  nickel  or  iron^^>  248)  were  found  to  halt 
atmospheric  tarnishing. 


In  general,  rhenium  is  more  resistant  to  oxidation  than  tungsten,  and 
less  so  than  osmium. 


Hydrogen 

Agte(^l)  stated  that  rhenium  was  not  attacked  by  moist  hydrogen  at  any 
temperature,  although  tungsten  is  susceptible. 


Nitrogen 

Moist  aitrog«n(91)  attacked  rhenium  above  1900  C,  and  if  carbon  di- 
oxide was  used  in  place  of  moisture,  the  attack  still  continued.  Passivation 
in  moist  hydrogen  stopped  this  oxidation,  even  up  to  2500  C. 


Inert  Atmospheres 

Under  argon,  rhenium^*#  ^4)  yields  a slight  white  fog  at  about  1400  C, 
but  at  higher  temperature®  no  fog  and  no  blackening  of  a surrounding  glass 
envelope  occurred. 


Acids 


One  of  rhenium' s more  noted  properties  is  its  high  resistance  to 
corroiion  by  hydrochloric  acid.  Specimen*  tested  in  this  media  have  re- 
mained unattacked  and  untarnished  for  d»ys,£®§)  However,  nitric  acid 
readily  dissolves  rhenium.  Sulphuric  acid  has  little  or  no  effect,  even  at 

/g | £ ££  Sjl 

elevated  temperatures.  v-*>  - • « 

Godep«siit«4  nickel-rhenium  plating* (**8)  showed  even  more  re* 
siiuanc*  to  concentrated  hydrochloric  acid  than  did  pure  rhenium  deposits, 
although  the  alloy  plate  did  wot  stand  up  against  &N  hydrochloric  acid,  and 
*v“ s also  attacked  by  sxidisdag  acids, 
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Alkalies 

Alkalies,  particularly  if  fused  and  in  the*  presence  of  oxidizing  agents, 
will  attack  finely  divided  rhenium.  (84)  Codeposited  nickel(24S)  aided  tite 
resistance  of  plated  rhenium  to  sodium  and  ammonium  hydroxides. 


V»*  i 4i>*awA- 


Introduction 


The  chemical  properties  of  rhenium  are  quite  well  known.  They  are 
presented  in  a highly  subdivided  manner  in  this  report,  so  a very  brief 
summar y of  the  more  practical  chemical  properties  is  given  here  for  the 
casual  reader. 

In  general,  rhenium  behaves  as  an  element  between  tungsten  and 
osmium  in  the  periodic  table  is  expected  to  behave.  It  is  practically  inert 
to  halogen  acids,  but  is  attacked  by  oxidizing  acids,  such  as  nitric.  It  forms 
a long  series  of  oxides,  evidencing  its  wide  variety  of  valences,  from  Re“* 
to  Re*?.  The  highest  oxide,  rhenium  heptoxide,  readily  forms  from  the 
action  of  moist  air  on  the  metal.  This  oxide  is  volatile  when  heated,  so 
unprotected  rhenium  cannot  be  used  at  high  temperatures.  The  heptoxide 
is  readily  soluble  in  water  to  form  a strong  nonoxidizing  acid,  HReO^. 
Rhenium  forms  a wide  variety  of  other  inorganic  and  organic  compounds, 
but  does  not  form  nitrides.  Indications  are  that  rhenium  forms  both  car- 
bides and  amalgams. 

The  physical  properties  of  many  of  the  more  common  compounds  will 
be  found  summarized  in  Table  9. 


Valence  States 


Rhenium  has  now  been  found  to  possess  all  valence  states  from  Re”*- 
to  Re+?.  Since  rhenium  occur®  in  Group  VII  of  the  periodic  table,  the 
maximum  valence  of  +-7  is  expected.  Re+ ^ is  also  the  strongest  rhenium 
valence.  According  to  Pauling(282),  the  single -bond  radius  of  rhenium  is 
1 . 283  A. 

Ruli's  and  Elving(^®3)>  in  a study  of  the  oxidation  levels  of  rhenium, 
stated  that  the  tendency  for  rhenium  to  exist  in  the  Re+*,  Re , or  Re+3 
valence  states  is  very  low.  They  determined  oxidation  potentials  in  this 
range  which  were  reported  &g>  follows; 
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Potential  vs.  Standard 
Calomel  rode , 


Oxidation  State  volts 


Rf'1  to  Re41  -0.  50 

Re  + i to  Re+Z  -0.27 

Re  + 2 to  Re+3  -0  02 


Rhenium' 

This  is  the  most  recent  valence  of  rhenium  observed,  in  1937  Lundell 
and  Knowles^2®4)  reduced  perrhenic  acid  in  the  Jones  redactor  and  claimed 
formation  of  a Re*^  compound.  According  to  Pauling  (285)  (1947),  this  is 
the  only  known  occurrence  of  a metal  with  a negative  oxidation  number. 

Maun  and  Davidson.{286)  and  Lingane(^87)  also  prepared  Re by  zinc  re- 
duction methods.  These  preparations  of  Re"1  all  occurred  in  solution  only 
and  no  compounds  were  separated,  although  still  more  recently,  Rulfs  and 
Blving^2®3)  also  asserted  that  some  sort  of  compound  must  be  formed.  The 
following  reactions  arc  thought  to  occur; 

Re"1  + gaseous  oxygen  * Re+  * 

Re*1  + Cu+2  - Re+1  + Cu 
3Re"  1 + Re*"7  * 4Re+1 
Re*-1  +■  gaseous  oxygen  * Re+4 

Re+1  f Cu+2  = Re  (higher  oxidation  state)  + Cu+l 
Re+l  + Re  + 7 « 2Re+4 

Pauling1  s(2®^  explanation  cf  the  situation  is  that  rhenium  possibly 
exists  with  an  electronic  structure  similar  to  Pt+2,  which  is  isoelectronic 
with  Re"1.  Re"*  may  exist  with  4 covalent  bonds,  with  4 groups  arranged 
in  % co~planar  square  around  it.  The  four  groups  may  be  water  molecules. 

If  this  is  the  case,  hydrorhenic  acid,  HRe,  could  be  formed,  although  no 
one  has  yet  isolated  it. 


Rhenium"1"1  and  Rhenium-*"2 


Two  low  hydrated  oxides  of  rhenium,  Re^O*  2H£0  and  ReQ-H^G,  were 
prepared  in  an  impure  state  by  Young  and  Irvine(2B8).  They  reduced  per- 
rhenic acid  with  zinc  and  cadmium,  forming  Re2G-  H^O  and  ReO>  H^O,  re- 
spectively. Both  compounds  were  isolated. 
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TABLE  9 KNOWN  PHYSICAL  PROPERTIES  OF 


Ctvtttl  Dimensions  Physical  Density 
a,  b,  c,  State  it  26  £, 

Compound  Name Crystalline  Fotm A A A at  20  C g/cc 


Re02 

Rhenium  dioxide 

" 

- 

Solid 

11.4 

r*o3 

Rhenium  txioxide 

Cubic 

3.73 4 

- 

- 

Solid 

7.43 

RC5O7 

Rhenium  heptoxide 

- 

- 

- 

- 

Solid 

8.2 

HRe04 

Peirhcnic  acid 

- 

- 

- 

- 

Liquid 

2.16 

KRe04 

Potassium  perrhenate 

Tetragonal 

5.615 

- 

12.50 

Solid 

(85^  #oln. ) 
4.38 

NaRe04 

Sodium  penhenate 

- 

“ 

- 

- 

Solid 

5.24 

NH4Re04 

Ammonium  penhenate 

- 

- 

- 

- 

Solid 

3.63 

AgReO. 

Silver  perrhena  te 

“ 

- 

- 

Solid 

6.  88 

CiRe04 

Cesium  perrhena.e 

Orthorhombic 

5.73 

5.  98 

14.  26 

Solid 

4.  76 

Kbfte04 

Rubidium  perrhenate 

Tetragonal 

5.80 

- 

13.  14 

Solid 

4.  73 

T1RcG4 

Thallium  penhenate 

Orthorhombic 

5.63 

5,80 

13.  33 

Solid 

6.89 

RcFr 

Rhenium  hexafluoride 

«■ 

- 

- 

Liquid 

4.251 

ReCl3 

Rhenium  trichloride 

Hexagonal 

- 

- 

- 

Solid 

m 

ReCl5 

Rhenium  pcntachloride 

m 

- 

- 

Solid 

ReBrg 

Rhenium  trlbtomide 

*■ 

- 

- 

- 

Solid 

- 

Re$2 

Rhenium  disulfide 

- 

- 

- 

- 

Solid 

7.5 

Re2S7 

Rhenium  heptasulfide 

Amorphous 

- 

- 

- 

Solid 

4.  866 

K2RcC16 

Potassium  rhenichloride 

Octahedral 

- 

- 

- 

Solid 

3.3415 

ReOgCl 

Rhenium  trioxy  chloride 

- 

9> 

- 

- 

Liquid 

- 

RCO2CI3 

Rhenium  dioxy trichloride 

- 

- 

- 

- 

Solid 

3.  35S35 

ReOF4 

Rhenium  oxytetrafluoride 

- 

- 

- 

- 

Solid 

4.  032 

Re{CO)5 

Rhenium  penta  carbonyl 

Pseudo -tetragonal 

- 

- 

- 

Solid 

m 

Re(CH:J)3 

Tritnethylrhen  1 urn 

- 

- 

m 

- 

Liquid 

1.0+ 

Kg[ R«02<CN)4]  Potassium  rhenoxycyanide 

Mcnoclinic 

<s» 

Solid 

2.  70440 

Notes:  d. 

= decomposed;  *.  = soluble;  e»t. 

= estimated 
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SOME  SELECTED  RHENIUM  COMPOUNDS 


Magnetic 

Susceptibility  SoIubHliv 


Melting 

Point. 

C 

Bolling 

Point. 

C 

Color 

at  20  C. 
CGS  units 

X-  X 106 

Cold 

Water, 

it- 

Hot 

Water, 

s/1 

References 

d. 

. 

Brown 

+101 

128.249 

d. 

- 

Red 

>94 

- 

- 

128,  250, 251, 252. 263 

297 

363 

Yellow 

>90 

Very  soluble 

35,128,251.254 

es 

- 

Colorless 

- 

Very 

soluble 

256. 263 

666 

1370 

White 

>90 

3.8 

22.  i40 

128,  267,  268,  259, 37, 280, 281 

414 

- 

White 

- 

854 

1100®°. 3 

280. 262 

5*0®«- 

- 

White 

- 

17 

i.,  d. 

260 

465 

- 

White 

• 

4.3 

27. 150 

263. 264 

316 

- 

White 

- 

2.44 

18. 15®c* 3 280, 282 

696 

« 

White 

- 

2. 73 

24.  860* 3 

260, 262 

525 

- 

White 

- 

1.15 

6.  66®° 

269,262.264,266 

18.8 

47.6 

Yellow 

- 

d. 

». . d. 

36.266.  267,268 

Sublimes  500  to  850 

Violet 

>76 

Very  soluble 

35. 128 

- 

d. 

Brown 

+1225 

i. . d. 

S.,  d. 

128,269 

Sublimes  450 

Dk.  gteen 

>12 

- 

- 

128,270 

- 

d.MOOO 

Black 

>62 

Insoluble 

128.  271 

- 

d>470 

Black 

- 

Insoluble 

272 

- 

- 

Yellow  gteen 

- 

Slight  Insoluble 

273. 274 

4.  =; 

1-7 1 

Yellow 

- 

~ 

“ 

275 

O'  i ' 

Red  brown 

- 

•o.  d* 

».*  d 

35.-276 

Colorless 

• 

s. 

s. 

35,277 

i' rsS 

A 

Insoluble 

278, 279 

‘=.. 

- 

- 

m 

280 

Avhen  ii:m 


G A- 
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Trivalcnt  rhenium  compounds  are  fairly  common;  Rp+3  was  probably 
first  prepared  in  solution  by  Mane  hot,  Schmid,  and  Dlising(^89)>  it  was 
later  verified  by  the  separation  of  halides  such  as  rhenium  trichloride, 

ReClj,  and  rhenium  tribromide,  ReBr^.  ReCl^  has  been  studied  by  Biltz, 
Geilmann,  and  Wrigge^^O)  and  cun  be  prepared  by  electrolytic  reduction  of 
potassium  rhenichloride  solutions^4-"  292)  or  by  ri  diu  rir,n  of  perrhcnic  acid 
with  a hot  hydrochloric  acid  solution  of  chromium  dichloride.  (293)  Oxidation 
of  Re*  - anliitinns  to  higher  valence  states  occurs  very  readily(29 1). 


Rhenium*4 

Re*4  has  been  known  since  early  in  rhenium  history.  Turkiewicz^^4^ 
reduced  potass  um  perrhenate  with  chromium  and  an  iodine  catalyst  to  give 
Re*4.  The  reduction  of  potassium  perrhenate  by  iodine  alone  proceeds  in 
two  stages: 


Re"7  + U"  1 = Re  + 5 + 21 
Re*5  + i-l  s Re+4  + I 


Other  method#  for  preparation  involve  reduction  of  perrhenic  acid  by  the 
chloride#  of  Sn*^,  Cr*^.  Ti+3,  or  V*^  in  hydrochloric  acid  solution.  (293, 
295,  296),  Re+4  ica  ia 

responsible  for  the  formation  of  the  so-called 
"Burgundy  R®d"(^6l)  and  has  an  ionic  diameter  of  0.  68  A.  (297)  Some  of 
the  more  common  tetravalent  compounds  are  rhenium  dioxide,  rhenium  di- 
sulfide, rhenium  tetrafluoride,  double  halide#  (as  KgReC.lg)  etc. 


Rhenium*  5 

Re*7  reduces  easily  in  hydrochloric  acid  to  Re*5  by  electrolytic  pro- 
cedure#. Re*5  iB  usually  an  intermediate  in  the  formation  of  Re*4.  It 
hydrolyzes  easily(29®)  and  is  unstable  in  acid  solution?,  decomposing  to 
Re*4  and  Re*?.(293,  299)  Jakob  and  Jezowska(300)  prepared  compounds  of 
'eh*  type  X^P.sOClc,.  The  pentaehloride,  ReCl^,  and  a few  other  pentavalent 
compounds  exist,  but  Re+5  is  not  so  common  a#  Re*4  or  Re* 7. 


Rhenium 


+6 


R®+6  exist#  in  compounds  such  as  rhenium  trioxide,  rhenium  hexa- 
fluoride, and  the  oxytetrahalide s like  R.aOCl4.  T’he  Nodd&cks(25 1,  30 1) 
reduced  rhenium  hejptoxid*  with  zinc  to  produce  the  trioxide  in  solution, 
and  Blits,  e»  al.  ? (252)  j*ter  prepared  it  in  a free  state.  Re* 6 ha>  an  ionic 
radius  of  0.58  A. 
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This  is  the  highest  and  most  common  of  all  rhenium  valences.  P?+' 
was  present  in  the  starting  compounds  from  which  virtually  all  of  the  com- 
pounds mentioned  previously  in  this  valence  section  were  prepared.  Hep- 
tavalence  is  characteristic  of  Group  VII  and  is  evidenced  by  rhenium 
heptoxide.  Re 7O j,  perrhenic  acid,  HReO.4,  and  the  salts  of  perrhenic  acid 
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Oxides  of  Rhenium 


If  rhenium  metal  is  fused  with  sodium  hydroxide,  there  is  no  color 
change  immediately  noticed.  However,  if  oxygen  is  addedC^®^)  to  a water 
solution  of  the  fused  material  in  greater  and  greater  quantities,  a series 
of  color  changes  will  occur  in  this  order:  dark  brown,  light  brown,  yellow, 
olive  green,  dark  green,  brown,  bright  red.  These  colors  all  correspond 
to  varying  oxidation  states  cf  rhenium,  and  of  course,  simultaneously 
represent  the  valences  listed  above. 

About  9 or  10  rhenium  oxides  in  these  oxidation  states  have  been 
reported^OS)^  but  the  existence  of  several  is  quite  doubtful.  As  might  be 
expected,  the  higher  oxides  form  acids  in  solution.  Naddack(302)  originally 
noted  the  following  oxides:  Re^Q,  ReO,  Re2C*3,  ReO^,  Re^Og,  Re03,  and 
Re^O-j-.  Others  have  reported  Re?Og{  or  ReO^)  and  RejOg.  Rhenium  hep- 
toxide  forms  the  very  strong  acid,  HReO^.  The  lower  oxides  should  form 
basic  solutions,  but  the  dioxide  does  not.  These  oxides  are  generally  quite 
stable  (the  highest  are  more  so  than  the  corresponding  manganese  ox- 
ide®{303))f  which  Noddack(304)  attributed  to  their  moderate  heats  of  forma- 
tion. Neighboring  elements,  such  as  tungsten,  manganese,  or  osmium 
posses*  higher  heats  of  formation.  A detailed  discussion  of  the  various 
oxides  follows. 


Rhenium  Suboxide,  Re^G 


Young  and  Irvine noted  previously,  definitely  prepared 
Re^O-HjO  in  the  Jones  reductor,  although  Nodd»ck(^®^)  reported  it  »»  early 
as  1933.  The  compound  was  black,  insoluble  in  hydrochloric  ®feid,  and  un~ 
attacked  by  alkaline  chromate  or  acid  ferric  sullut*.  It  was  soluble  in 
sntric  acid  and  bromine  water. 


Rhenium  Monoxide,  ReQ 
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appeareci  * the  double  hydrate,  ReO-  2Hy>Q,  and  possessed  the  same  proper- 
ties noted  above  for  th<  suboxide . 


Rhenium  Se=qmoxide, 


Wrigge 


Impure  black  R 
(305) 


i \ 

ivc  ^ 


has  been 
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Z Re€l3  + 3H20  (alkaline)  « Re^  + 6HC1 

Air  must  be  excluded,  as  the  sesquioxide  oxidises  readily  to  perrhenate.  It 
decomposes  to  Re  + 3,  ae+^(  and  Re+"?  in  the  presence  of  alkalies. 


Rhenium  Dioxide,  ReQ2 


Any  high  rhenium  oxide  may  be  reduced  to  ReO^  if  treated  strongly. 
The  Noddacks(^5 1,  301)  prepared  it  by  heating  sodium  or  potassium  per- 
rhenate with  hydrogen.  However,  the  simplest  technique  was  that  of 
Bilta(^9)J  who  heated  the  heptoxide  and  rhenium  for  a day  at  about  650  C: 

3 Re  + 2 Re207  = 7ReOz 

The  dioxide  is  a dark  brown  or  black  solid  which  reduces  easily  to 
metal.  (301)  Oxidation  to  perrhenic  acid  also  occurs  readily.  It  will  not 
fuse  with  barium  oxide,  but  will  do  so  with  alkaline  sodium  and  barium  per- 
rhenates , and  sodium  or  potassium  hydroxides  .(302)  In  the  absence  of  air, 
rhenites  (as  Na2Re03)  are  formed,  and  with  excess  alkali,  the  hyporhenites 
(as  NajReO^).  With  air,  the  per  rhenates  are  formed. 

Hydrogen  chloride  will  cause  formation  of  oxychlorides  from  the 
dioxide,  and  the  dioxide  will  also  precipitate  quantitatively  as  the  disulfide 
from  acid  solution  when  treated  with  hydrogen  sulfide.  (30 6)  This  is  im- 
portant analytically.  The  thermite  reaction  can  be  performed  with  ReO^ 
to  yield  rhenium  metal.  (93)  Decomposition  of  the  dioxide  occurs  at  elevated 
temperatures  in  vacuum  as  follows; 

7 ReO ^ - 2Re207  + 3Re 

Treatment  with  sulfur  dioxide  causes  formation  of  ReSO^.  (306) 


Rhenium  Pen taxi de, 

Briscoe,  et  al.  .(307)  rec|,jc£;ci  with  rhenium  metal  in  a sealed 

tube . producing  a reddish  substance  claimed  to  be  Re^Oi,; 

4 Re  > 5 Kc/viy  s / XegOq 
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Hi) tii  ami  Becker'-  ' also  formed  this  oxide  as  partial  product  from  1 

healing  r 'senium  metal  and  paraffin  oil  in  a combustion  tube.  He^O^  was 

insoluble  in  cold  water,  hydrochloric  and  sulfuric  acids,  and  alkaline  solu 

tions,  but  was  soluble  in  warm  water  and  nitric  acid.  Chlorine  probably 

converted  the  ox'ide  to  oxy tetrachloride. 


Tr i-- Rhenium  Re-,0«(?) 


‘l'his  oxide  wa«  formed  by  the  reaction: 

3 RezG7  + 5SOz  (or  CO)  » 2 Re3Og  t 5SG3 

as  stated  by  the  Noddacks(^  0 . However,  they  hter  surinised  it  to  be 
compounds  of  ReOz  with  ReOy  or  Re^O^,  so  its  existence  is  somewhat 
questionable.  It  appeared  as  a black  or  violet  compound  to  them,  although 
others  thought  it  s blue.  (30) 


Rhenium  Trioxide,  Re03 

Rhenium  trioxide  was  also  first  noticed  by  the  Noddacks(297,  301)} 
who  prepared  it  from  perrhenic  acid  and  zinc.  It  was  unstable  and  im- 
possible to  isolate,  but  salts  of  ReC>4~^  were  similar  to  manganates,  forminj 
bright  yellow  solutions.  Heating  caused  decomposition  to  the  heptoxide.  * 
309)  formed  it  from  rhenium  metal  powder  and  rhenium  heptoxide 
by  a long  heating  process  at  about  300  C.  It  was  not  originally  claimed  by 
him  as  Re03,  but  evidence  for  this  formula  was  good: 

3 Re-jO 7 + Re  * 7 Re03 

later  definitely  claimed  that  he  prepared  the  trioxide  by 
heating  weighed  amounts  of  the  dioxide  and  heptoxide  for  over  a week: 


ReOz  + Re2;07  * 3 Re03 


and  then  found  it  identical  with  "rhenium  blue"(3l0)  found  by  earlier  in- 
vestigators w”).  It  etui  also  be  prepared  from  the  heptoxide  and  dioitanei^^j 
111); 


RepO?  + * 2 ReOj  + decomposition  products 


It  is  a red  cubic  cr yst&iiine  not  affected  by  water  «■ 

dilute  caustic.  Its  heal  of  formaticn(3  13)  is  82.  5*8  kg-cal.  The  trioxide 
will  liberate  iodine  from  potassium  iodide,  but  no  chlorine  from  hydro- 
chloric acid.  In  excess  of  potassium  hydroxide  and  sodium  oxide  it  will 
fuse  to  form  perrhersate*  or  perrhenii.es. 
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Rhenium  Heptoxide,  Re  2Oy 


This  is  the  most  common  of  the  oxides,  and  ia  readily  formed  by  ex- 
posure of  the  metal  to  moist  axr,  or  by  heating.  Oxidation  oX  any  of  the 
lower  oxides  also  produces  the  heptoxide,  (253) 

4 Re  + 70-,  * 2 RepiOy 
4 ReO^  + 302  a 2 Re2Oy,  etc. 

It  is  a yellow,  crystalline  substance'^  0 and  is  readily  soluble  in 
water,  hydrolysing  to  form  the  strong  acid,  HReC^.  It  is  also  soluble  in 
alcohol  and  acetone,  but  not  in  ether.  It  can  be  reduced  by  hydrogen,  car- 
bon monoxide,  sulfur  dioxide,  and  other  reducing  agents  to  lower  oxides  or 
the  metal.  It  is  precipitabie  from  solution  with  hydrogen  sulfide  as  the 
heptasulfide. 

The  heptoxide  has  a density  of  8.  Z and  melts  at  297  C.  It  sublimes 
at  363  cO^8),  so  is  a completely  unprotective  coating  for  massive  rhenium 
above  300  C.  Roth  and  Becker(313)  found  the  heot  of  formation  to  be 
297.  5 ± 2 kg-cal. 


Rhenium  Tetroxide,  Re^Og  or  ReO^?) 

The  Noddacks^®^  originally  assumed  falsely  that  the  highest  oxide 
possible  for  rhenium  was  Re^Oo,  and  isolated  a white  substance  claimed 
to  be  this  compound.  Druce(306)  also  claimed  such  an  oxide.  However, 
its  existence  was  soon  questioned  by  Briscoe,  Robinson,  and  RudgeC^H) 
who  tried  to  make  it.  They  found  that  moisture  lowered  the  melting  point 
of  the  heptoxide  to  the  value  found  by  the  Noddacks,  and  furthermore,  the 
sublimate  was  white.  A careful  check  proved  the  substance  was  only 
R«2°7>  so  the  existence  of  Re^Cg  (or  ReO^)  is  highly  improbable. 


Acids  and  Their  Salts 


Acids  of  Rhenium 


Perrhenic  Acid,  HReO^  This  is  a stable,  colorless  acid.  It  is 
prepared  m several  Simple  Ways,  the  most  common  of  which  is  by  the  com- 
bination or  solution  of  the  very  common  heptoxide  with  water: (3®l) 


Re207  + HZQ  « 2 HReC4. 
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It  cap  aiso  be  produced^^)  by  the  oxidation  of  rhenium  metal  with 
nitric  acid:  ; 


3 Re  > 7HNO,  «*  3 HReQ4  + 7NO  f 2 H?0. 

In  addition,  oxidation  of  the  it-wer  rhenium  oxides,  such  as  ReO^^^), 
by  hydrogen  peroxide,  chlorine  water,  and  other  oxidising  agents  produces 


2 Re02  + 3 H202  * 2 HRe04  + 2H<>0. 

Druce^^J  suggested  i *at  oxidation  of  a suit  , such  as  Re2S7,  to  per- 
rheme  acid  would  be  a means  of  recovery  of  rhenium  after  analysis  when 
the  sulfide  was  formed. 

Roth  and  Becker^  measured  the  conductivity  of  perrhenic  acid,  and 
found  the  mobility  of  .ReO^"'1  at  18  C was  44  * 1.  Thus,  HRe04  is  con- 
sidered » strong  acid,  although  it  is  not  an  oxidising  one.  It  neutralises 
bases  and  its  heat  of  neutralization  with  potassium  hydroxide  is  13.  5 ± C.  1 
kg -cal  at  infinite  dilution.  It  is  usually  yellow  in  color  when  concentrated, 
unless  very  pure  when  it  appears  colorless.  The  densities  of  aqueous 
solutions  of  perrhenic  acid  were  found  by  Feit(^56)  an(j  are  reported  in 
Table  10. 

Perrhenic  acid  will  dissolve  zinc,  iron,  and  manganese.  (301)  it 
reacts  with  hydrates  of  aluminum,  zinc,  and  iron  to  form  perrhen&tes: 

Fe  + 2HRe04  * Fe(Re04)2  + H2 

Fe(OH}3  4 3Hre04  * Fe(Re04)3  + ?H?0. 

Although  not  usually  an  oxidizing  agent,  additions  of  various  metals  and 
acids  cause  the  formation  of  oxide 30  1) 

2HRe04  4-  Zn  + H^SC>4  » 2Re03  4-  ZnS04  + 2H2G. 

Perrhenic  acid  will  react  with  hydrogen  suifide  or  ammonium  polysulfide 
in  acid  solution  to  produce  rhenium  disulfide,  ReS2,  (^01)  U the  solution 
is  dilute,  the  thioderivative»  ate  apt  to  be  first  found.  (318;  With  hydrogen 
peroxide  alone,  it  gives  a red  color,  which  Hagen  and  Sievertsl claimed 
showed  the  presence  of  a "per-  acid  of  rhenium  heptoxide”. 

It  can  be  seen,  from  the  reactions  of  perrhenic  acid  with  metals  and 
bases,  'chat  many  metal  salts  of  the  acid  are  formed.  They  are  discussed 
below. 


Other  Acids,  H2Re04  and  HjReOs.  DruceC^SS)  reported  rhenic  acid, 
H2 Re<X|7~& a existing  in  a soTution™contSIning  perrhenic  acid  after  sulfur 


8ATTELLE 


MEMORIAL. 


! r I < T e 


- da- 


table 10.  SPECIFIC  GRAVITY  OF  AQUEOUS  SOLUTIONS 
OF  PERRHENIC  ACID  (AFTER  FEIT) 


EBBEBSSSH 

i . on 

0.  0 

0 

1 . 0115 

2.  93 

10 

l . 05 

5.71 

60 

1.075 

8.  37 

90 

l.  10 

10.  91 

120 

1.15 

15.  65 

180 

1.20 

20.  00 

240 

1.25 

24.40 

305 

1. 30 

28.46 

370 

1.35 

31.85 

430 

1.40 

35.  00 

490 

1.45 

37.93 

550 

1.50 

40.67 

610 

1.55 

43.23 

670 

1.60 

45.  94 

735 

1.65 

48.  18 

795 

1 . 70 

50.  29 

855 

1 . 75 

52.  57 

920 

1.80 

54.44 

980 

1.85 

56.  22 

1040 

1 . 90 

57.90 

1100 

1. 95 

59.49 

1160 

o 

© 

NS 

61.00 

1220 

2.  05 

62.44 

1280 

2.  10 

63.  81 

1340 

2.  1.5 

65.  12 

1400 
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Salts  of  Perrhenic  Acid 

The  Re04“*  ion  derived  from  perrhenic  acid  lurms  many  salts  with 
metals,  positive  radicals,  and  organics.  A die  case  a on  of  all  of  these  with 
the  exception  of  organics  follows.  It  might  he  noted  that  Fonteyn* (320) 
found  that  the  rhenate  ion  is  octahedral  in  solution,  but  has  a slightly  de- 
formed tetrahedral  structure  in  the  crystalline  state.  The  valency  forces 
increase  when  proceeding  from  the  tetrahedral  to  the  octahedral  state. 


Potassium  Perrhenate,  KReO^.  This  salt  i9  the  result  of  neutralisa- 
tion of  potassium  hydr  oxi 3eT wTtK"parr he ni c acid, 

KOH  + HRe04  a KRe04  + H2Of 
or  potassium  chloride  and  the  acid  will  react: 

KCI  + HRe04  * KRe04  + KCI. 

Potassium  perrhenate  is  the  most  important  salt  of  perrhenic  acid 
and  is  an  article  of  commerce. 

According  to  Vorlander  and  Dalichau(259)  (through  Druce(321))  the 
melting  point  is  552-3  C and  boiling  point  about  1370  C.  The  melting  point 
was  later  determined  as  513  C by  Klee  5 c and  Holemann(261),  but  revised 
to  555  C by  Smith  and  Long(260),  The  heat  of  formation  is  263  kg-cal  and 
a saturated  aqueous  solution  at  18  C is  0,  G329N.  The  density  is  4.  38  and 
the  heat  of  solution,  according  to  Roth  and  Becker(317),  is  13.  80  ± 3 kg-cal 
at  21.  7 C,  but  Smith  and  .Long  reported  a value  of  7.  68  kcal/xnole. 

Hdlemann  and  Kieese(^0  and  Pushin  and  Kovack^*^  have  determined 
the  water  solubility  of  this  salt  at  various  temperatures,  Druce^^ ^ has 
combined  this  with  unpublished  data  (see  Table  1 i).  bmith(323)  also  de- 
termined the  solubility,  and  his  data,  is  combined  with  the  above  in  Table  11. 
His  plot,  including  the  data  of  Pushin  and  Kovack  and  Hdlemasm  and  Kleese 
i.B  shown  in  Figure  11.  Good  agreement  was  found  except  for  a 6 per  cent 
variation  at  zero  C.  Pushin  and  Kovack  also  found  a eutectic  of  0.343  per 
cent  perrhenate  at  0.  060  C,  and  noted  that  the  xrecxlug  point  lowering  war 
1.5  times  the  theoretical. 

In  general,  it  may  be  noted  that  the  solubility  of  potassium  perrhenate 
in  cold  water  low,  and  is  further  lowered  by  the  presence  of  potassium 
ion.  This  lb  helpful  in  analysis  or  recovery.  Smiths*}  studied 
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TABLE  11.  THE  SOLUBILITY  OF  POTASSIUM  PERRHENATE 
(After  Hoierriann  and  Kl«8«,  Puahin  and  Kovack, 

Druce.  and  Smith) 


nr*  r*  t n . 
• » 

c 

KRe(>4, 
b/100  cc 
of  water 

Temp,, 

C 

Per  Cent  KReO^ 
per  1 00  cc 
of  solution 

0.00 

0.  36* 

L09 

12.6 

2.01 

0.4945 

112 

14.0 

8.30 

0. 520? 

154 

26.3 

10.  20 

0.5777 

194 

39-7 

16.90 

0. 8350 

220 

50.7 

23.80 

1.1580 

239 

59.9 

30.00 

1 . 47* 

290 

71.9 

30.90 

l . 541 0 

335 

84.6 

35.00 

1. 7920 

401 

89.3 

38.  95 

2.016 

445 

94.4 

40.  00 

2.22* 

470 

96.8 

44.85 

2.525 

498 

98.4 

49.  78 

3.  21* 

518 

100.  0 (mp) 

50.45 

3.128 

65.  80 

5.001 

86.15 

7.  522 

100. *9 

9.  484 
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:„i  «.  :=  • ■ '■ — > . !v-r.at»?  rhloridf-water,  and  found  ihai 

:"f<c-  rr.lor.ide  \va •••  needed  cu  cause  ••: elective  prccipit *t».on  if  the  temperature 
-•-jar.  dr  .v.t «■«•_-  • - ■'  fu'«t  ucrv  C.  Increasing  the  temperature  decreased  the 
. ■■■  *■-  x eituvisncy. 

The  electrolytic  conductivity  of  potassium  perrhenale  solutions  at 

f ->  * .« \ 

1-tiXiiiitt:  dthdic'ii  has  been  d#»tevr..ine;d  an  follows.  ' 

Molar  Conductivity 

115.  5 
125,  7 

141.  8 
169 

Per  cent  dissociation  of  Q.02M  and  0.01M  solutions  were  also  de - 
ter  mine 

Potassium  perrhenale  can  be  reduced  by  zinc,  calcium,  sodium 
amalgam,  hydrazine  hydrate,  magnesium,  etc.  \325>  326)  It  will  not  be 
reduced  by  sulfur  dioxide  or  hydrocarbons  . 

Careful  reduction  with  zinc  and  cold  hydrochloric  acid^^)  will  yield 
step-by-slep  color  changes:  yellow,  yellow  green,  bluish  violet,  browmeh 
black,  and  nearly  colorless.  This  reduction  can  be  stopped  at  any  time  and 
the  appropriate  oxide  separated.  In  concentrated  sulfuric  acid  solution, 
Holemami^ 327)  fouruj  that  ferrous,  stannous,  or  tita^ous  sulfates  will  reduce 
pelmnaium  perrhenate  to  Re+<’  compounds,  while  chromous  sulfate  will  re- 
duce it  to  P.e+4  compounds.  Electrolytic  reduction  with  zinc  chloride  in 
the  presence  of  thiocyanates  also  produced  Re+^.  (32b)  In  neutral  solu- 

electrolysis  liberated  rhenium  and  hydrated  rhenium  dioxide  at 
the  cathode.  (235) 

Numerous  other  compounds  can  be  prepared,  lining  potassium  per- 
rhenate  &$  a starting  material. 


Temoe  x ature , C 

IS 

25 

30 

40 


Ammonium  Perrhenate,  NH4&e04.  This  also  is  an  important  rhenium 
«ss It.  In  fact,  it  is  mors  satisfactory  than  the-  ucta&aiuxr.  perrhenate  for  r«*~ 
iluctiov.  to  vary  pure  rhenium  metal  a®  the  potassium -produced  metal  often 
contains  potassium  oxide  or  other  impurities  difficult  to  remove.  (33)  The 
s?»It  is  prepared  by  neutralisation  cf  perrhenic  acid  with  ammonium  hydrox- 
ide: 


HRe04  + NH4OK  * NH4Rc04  4 HX>. 

Early  determinations  gave  its  solubility  in  water  to  be  120  g/J.(30 1), 
hut  this  has  been  recently  revised  to  about  17  g/l  at  zero  C.  (260)  The 
temperature  or  the  120  g/l  value  is  unknown,  but  it  must  have  been  over 
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The  denf’ty  of  arn  room  urn  perrhenate  is  3.  53  and  the  heat  of  solution 
6.21  kc<*t/moie.  it  decompose®  upon  he«±ii*:g  at.  about  365  C;  b>*r  b-  k-t  ate»( 
in  hydrogen,  first  the  black  oxide  and  then  met  si  powder  are  t<roo»:  ed: 

NH^ReO^  + H2  **  ReCH  + NK4OH  f H^O 

KeO^  r ZK^  *»  lie  I 

As  noted  above,  this  is  a common  method  r.t  preparing  very  pure 
rhenium  metal. 


Sodium  Perrhenate,  NaReG4.  This  colorless  salt  is  also  prepared  by 
acid-base  neutralization.  It  is  stable  and  much  more  soluble  than  the  other 
common  perrhenate s.  Its  water  solubility  is  about  653  g/l  at  zero  C.  (260) 
Its  freezing  point  is  414  C and  density  is  5.  24. 


Silver  Perrhenate,  AgReC>4,  Pcirhenic  acid  and  silver  nitrate  form 
insoluble  (4,Tg/i  at  zero  C)  silver  perrhenate.  (264)  its  melting  point  is 
455  C and  density  6.  96.  It  decomposes  at  455  C.  (259) 


Manganese  Perrhenate,  Mn(ReC>4)2.  This  pink  salt  was  first  obtained 
by  Drucci^^)  by  dissolving  manganese  carbonate  in  perrhenic  acid  which 
gave  the  trihydrate.  On  drying,  the  anhydrous  salt  appeared.  The  melting 
point  is  over  300  C according  to  Druce(^5)?  but  Smith  and  Maxwell^  30) 
later  found  it  to  be  much  higher,  861  C,  It  is  soluble  to  the  extent  of  3400 
g/l  at  2?  C and  has  a density  of  5.  12. 


Other  Perrhenate  3.  Copper,  nickel,  and  cobalt  perr  he  nates  were 
first  formed  from  an  acid-carbonate  interreaction  by  Briscoe,  Robinson, 
and  Rudge.  (^31)  Addition  of  ammonia  or  ammonium  hydroxide  produced 
amines  of  the  metal  salts,  such  as  GufReO,*^'  4NH3,  Ni(Re04)2>  NHj,  or 
CufReQ.^'  4NHj.  Smith(260,  264,  330,  332)  also  prepared  other  perrhenate*. 
The  mors  common  anhydrous  ones  are  given  in  the  list  on  the  following  page. 

Wilke -Darfur i and  Gunaert(333)  and  Neua$er(334)  prepared  some 
uncommon  perrhenate*,  the  former  workers  to  show  the  similarity  between 
perrhenic  acid  and  other  Crrsup  VII  acids  such  as  KMnC>4,  a«d  the  latter 
while  working  on  the  microchemical  determination  of  rhenium.  The 
formulas  and  colors  of  the  salts  are  given  on  page  69. 
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Color 

Reference 

Rubidium  perrheiMtc 

C l-.TS  a-C\ 

W’r.'lfi’ 

260 

A*  ».)*-*  t ».  ^ 

Cesium  perrh.ena.te 

CaReG4 

V“  hits 

260 

.1/  1 i + „ 

L-icnium  pr  r ( Ur.uatr 

1 IK  i A 

Curium  perriisr-^1*:'’ 

DalHcGib 

- 

302 

Thallium  perrhenate 

TlReU4 

While. 

302 

Beryllium  perrhenate 

Be(Re€>4)2 

- 

332 

Magnesium  perrhenate 

Mg(Re04)z 

- 

332 

Calcium  perrhenate 

Ca(Re04)2 

“ 

332 

Stannous  perrhenate 

Sn(Re04/2 

- 

332 

Mercuric  perrhenate 

Hg(ReQ4)2 

- 

332 

Cuprous  perrhenate 

Cu(ReO)2 

- 

332 

Cupric  perrhenate 

Cu2(Re°4)2 

White 

264 

Lead  perrhenate 

Pb(Re04)2 

- 

332 

Cobalt  perrhenate 

Co(Re04) 

Purple 

330 

Nickel  perrhenate 

Ni(Re04)2 

Yellow 

330 

Fferrcus  pgrTSi^n&t© 

Fe(ReG4)? 

Dark  red 

330 

Ferric  perrhenate 

Fe  (Re  04)3 

Black 

330 

»•  «•  * ~ mIo 

NdlReOala 

* - ^ 

- 

265 

Lanthanum  perrhenate 

La(P-e04)3 

- 

265 

battell-E 
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Color 

Reference 

[ Co(KH3)6](Ke04)i 

Orange 

A ? \ 

rr»(NH,hl(RcOii, 

l ' J " O J - £ 

Yellow 

3 33 

r *»i  » f a.  VI  T \ \ i t Lt  ^ \ 

l oj  \R- - 4*3 

Ui 

333 

[Z^HH  3)43(»e04), 

White 

333 

[Cd(NH3)4}(ReQ4)2 

Colorless 

333 

[Co(NH3j4j(ReC4)2 

Purple  red 

333 

[Ag(NH3)4|Re04 

Colorless 

333 

(NO)ReQ4 

Colorless 

333 

[Co{NH3)fe](Re04}3.  l^HzO 

Orange 

334 

[ Co(NH3)5](Re04)3-  3HaO 

Rose 

334 

[ Co(NH3)ij]  (Re04)2 

Red 

334 

[Co(NH3)s](Re04)2 

Yellow  brown 

334 

[Co(NH3)4](Re04}4 

Granite  red 

334 

Salta  of  Hypoghenic,  Rhenic , and 
Meaoperrhemc  Acids 

According  to  Druce^^^^,  very  little  is  known  concerning  the  rhenatea, 
MjRe04,  salts  of  rhenic.  acid.  However,  the  Noddacksw02)  prepared  the 
•odium  end  barium  salts,  Na^ReO^  and  BaReO^,  from  rhenium  dioxide, 
sodium  hydroxide,  and  the  appropriate  perrhenate, 

M*  sopors?  beanies  are  salts  tsf  tnesoperrbenic  acid,  H3R.eC>*>,  and 
Scharnow^^fe)  prepared  B&3(R$05)Z,  barium  me  super  rhenato%  by  evaporation 
of  barium  par  rhen&tc  with  excess  barium  hydroxide.  The  hypor  he  nates, 
salts  of  unisolated  hyporhenic  acid  HRe03;  have  been  listed  by  Druce^^l) 

as: 


Sodium  hyporhenate 
Sodium  pyrorhe&ate 
Sodium  or  tho -hyper  her*.  t& 


NaReQ3 

N&4R«207 

NajReO^ 


— i 0— 


‘•'hr  viVrt!'  rbroH.  ; . X ■•'D  and  Na^ReO^,  arc  also  known  to  exist. 


is-:  ]]s!;ds$  of  Rhenium 


Numerous  halide  a and  re  lnte.il  halogen  conij'winfi.-.  of  rhenium  have 
been  identified.  L'iscus'Hm,  of  t.ke-ee  coiapftunds  will  be  presented  in  six 
•tedious:  Halides,  Double  Halides,  Oxyhalides,  Double  Oxyhaliue a,  Double 
nydruii. /halide s , *»>#!  Carbonyl  Halides. 


Rhenium  Halides 


Fluorides Two  compounds  of  fluoi'ine,  rhenium  hexafluoride,  R eFo 
and  rhenium  tetrafluoride,  ReF 4,  are  known  to  exist.  The  former  was 
prepared  by  Ruff,  K fa&nik,  and  Ascher(^i  0 in  a fluorspar  tube: 

Re  + 3F j,  a ReF6. 

Rhenium  hexafluoride  sublimes  easily,  giving  off  purple  clouds  in  air.  Its 
properties  were  determined  by  Ruff(337)T  Ruff  and  Kwasnik(^^>  26?,  268, 
338),  and  others.  This  hexafluoride,  a yellow  crystalline  material,  melts 
at  18.  8 C and  boils  at  47.  6 C.  The  density  is  4.  251,  and  the  vapor  pressure 
at  the  melting  point  is  261.  4 mm.  With  quartz,  the  hexafluoride  reacts  to 
form  oxyfluorides.  It  also  can  be  oxidized  to  the  oxyfluorides  by  more 
common  oxidants.  Reduction  by  hydrogen  or  sulfur  dioxide  produces  the 
tetrafluoride,  and  hydrolysis  yields  rhenium  dioxide,  and  perrhenic  and 
hydrofluoric  acids. 

Rhenium  tetrafluoride,  with  & melting  point  of  124.  5 was 

prepared  by  reduction  of  the  hexafluoride  as  stated  above.  Another  fluoride, 
ReFy,  was  also  mentioned,  but  information  on  it  is  sparse.  A recent 
a£tempt(339)  to  prepare  ReF 3 has  been  unsuccessful. 


Chlorides.  Several  chlorides  of  rhenium  exist.  The  lowest,  rhenium 
dichloride  (ReCl^)  was  claimed  by  Schacherlf  in  Dt9,  but  evidently  it 
does  not  exist,  as  no  mention  has  since  been  made  of  it. 


Rhenium  trichloride,  ReClj,  was  first  reported  by  NoddackC^??),  who 
formed  it  from  the  elements.  It  is  most  common,  and  forms  bright  red 
solutions.  Other  methods  pf  preparation  were  developed,  such  as  thermal 
decomposition  of  pentachlcrides  or  of  the  double  chlorides  (as  Ag^ReClg)^^), 
or  by  reaction  between  rhenium  powder  and  sulfonyl  chloride(34 1).  The 
latter  method  is  not  recommended. 
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Thn  rhenium  trichloride  cryst-tK  are  hexaj..  ...il,  violet  black  in  color 
*>»vt  *•<;>’»  tnt  .T  r>05  to  550  C.  The  trichloride  to  a hydrated 

oxide(-^3,  344)  Dr  oxide,  and  can  be  oxidized  by  oxygen  to  give  various  oxy- 
chlorides: 


6ReCl3  + 702  * 4ReC3Cl  + 2ReOCl4  + 3C12. 

However,  it  is  stable  to  any  oxidation  or  reduction  in  arid  solutions.  (302) 

In  basic  solution,  reduction  will  normally  proceed  (without  lower  chlorides 
forming)  directly  to  metallic  rhenium(302,  343),  although  zinc,  sodium,  or 
mercury  will  cause  formation  ci  Re+-.  Precipitation  with  hydrogen  sulfide 
is  possible,  but  not  quantitatively.  (344)  Ammonium  hydroxide  causes  com- 
plex reaction®  with  rhenium  trichlorid«(345)  #n<$  tensiometric  examination 
show#  the  existence  of  ammoniates:  ReCl^-  14NK-J,  ReCl^- ?NH3,  ReCl^- 
6NHs.  The  addition  of  sodium  hydroxide  causes  a brown  precipitate,  and 
Re^~,  Re +4,  and  Re+V  are  found  to  be  ] eseni.  Insoluble  double  chloride 
salts  can  be  obtained  by  additions  o udium  or  cesium  chloride. 


Rhenium  tetrachloride,  ReCl^,  was  first  reported  in  1926.(340),  but 
it  rosy  be  nonexistent.  Briscoe,  Robinson,  and  RuJge(^73)  believed  they 
has  made  it  by  the  Moddacks’  method  of  heating  rhenium  metal  in  chlo- 
rme(362)}  and  double  halides  were  then  formed  from  it.  This  was  sub- 
stantiated by  Yost  and  Shull(346i,  who  heated  measured  amounts  of  rhenium 
and  chlorine  in  evacuated  tubes  - These  authors  believed  the  rhenium  tetra- 
chloride had  at  least  partially  polymerized  to  Re^Clg.  The  tetrachloride 
was  thought  to  form  brown  or  reddish  crystals  and  a blue  solution.  It  was 
reasonably  stable. 


However,  Geilnruum,  Wrigge,  and  BUtz(343,  347)  who  worked  ex- 
tensively in  the  field  of  rhenium  cucutlsiry,  tried  to  mak*  the  tetrachloride 


but  could  prepare  only  the  pectachloride  and  the  trichloride.  Analysis 
showed  that  a mixture  of  the  two  latter  chlorides  and  an  oxychloride  (also 
possibly  present)  could  produce  a molecular  weight  easily  mistaken  for 
that  e£  rhenium  tetrachloride. 


As  described  above,  rhenium  penfcaehloridc,  ReCl§,  was  prepared  by 
the-  reaction  of  excess  chlorine  on  rhenium  metal.  It  is  a brownish-black 
solid  yielding  dark-brown  vapors.  It  cannot  be  volatilised  at  atmospheric 
pressure  without  decomposition.  Reduction  at  400  to  500  C will  produce 
th«  trichloride (30 2,  343)  Rnd  chlorine.  Oxidation^ 306)  produces  oxychlorides: 

/ 


- / 1, 

i • r-j 


i«b  -rsf'i  . 


5 P-  r O C 1 


j.  i7r*i. 


BATTEL  L E 


M E M U i A L 


I 1-4  3 T ! T U T C 


AIL*. lies  c rer-cth*.-.  the  type 

3 Re  Cl  £ + luNfcOK  « 2FeO  • 2-H*C  + NaReOj  4-  ISNaCl  + 4H2D, 

a I though  iuie  t mediate  cumponndc  may  be  formed,.  Acids  cause  a reaction 
of  the  type 

L0ReCl5  + 7.HC1  + 3HzO  * 2HRe04  + 8H2ReCI3  + 13C22. 

Neutral  <»alts  will  form  the  rhcnickioride  of  ihe  metal  involved  when 
added  to  the  pentachloride.  Klemm  and  FriscUmuth^34 found  am- 

moniates  cou*j  be  formed  in  the  system  ReClg  - NH-j,  as  with  the  tri- 
chloride. The  specific  compounds  present  were  undetermined. 

Noridack(^97)  claimed  formation  of  rhenium  hexachloride,  ReCl^,  and 
Yost  and  Shulif34^)  reported  it  {along  with  the  questionable  tetrachloride) 
as  a result  of  heating  a 1:6  ratio  of  rhenium  and  chlorine.  It  was  not  iso- 
lated. Druce^^O)  doubts  its  formation  with  good  reason,  and  no  one  since 
has  produced  it. 

The  highest  possible  chloride,  rhenium  heptachloride,  ReCly,  was 
thought  formed  by  Druce  and  Loring(3,  340)  from  the  action  of  hydrochloric 
acid  and  rhenium.  According  to  Schroter(348)  ihr  Moddaeks  also  produced 
a green  crystalline  heptachloride.  However,  this  chloride,  too,  could  not 
be  separated  and  has  not  been  prepared  by  more  recent  investigators. 

Bromides.  Rhenium  tribromide,  ReBr3,  was  prepared  at  500  C by 
combination  of  the  elements^^®).  It  sublimes  slowly  at  450  C and  forms 
dark -green  crystals  on  condensation.  The  addition  or  presence  of  oxygen 
at  400  C probably  produces  the  cxybromide.  As  with  the  chlorides,  the 
system  ReBr3  - NH 3 shows  formation  of  ammeniates:  ReBr3'  20NH3, 
ReBr3*14NH3,  RcBr3-9NH3,  ReBr?'7NH3.(345) 

The  tetrabromide,  ReSr4,  is  claimed  by  Druce^-*w  to  have  also 
been  identified,  but  no  other  evidence  than  his  claim  has  been  uncovered. 

Iodides.  The  Noddacks^34®)  were  reported  to  have  made  the  tetra- 
lodide,  R«I4,  but  Rulfs  and  EIving(341)  failed  to  produce  it  after  attempting 
to  do  so  by  several  methods. 

Summary.  As  a summary  of  the  known  and  the  unconfirmed  halides, 
a short,  tabulation  is  presented  on  the  following  page. 
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Physical  properties  of  the  more  important  halides  are  reported  in 


ile  9=  The  following  summary  also  lists  the  common  known  properties 
ill  the  definitely  isolated  halides: 

Halida 

ifrfrme 

Color 

MP,  C BP.  C 

Penalty 

Reference 

Rhenium  Muafluoiida 

- 

134.fi 

- 

267 

«fiFe 

Rhenium  hexafluoride 

Yellow 

18.8  47.6 

4.251 

266,267,268.387 

Rhenium  trichloride 

Viobt  black 

Subllmei  ar  500 

- 

340 

ReCls 

uium  penucbloride 

Brown  bUck 

Os  com  pores 

- 

340 

RbSi3 

Rhenium  tribroraide 

Green  bUck 

Sublime*  at  600 

- 

270 

fi»»4 

Rhenium  tewabrornfde 

- 

- w 

- 

340 

Duuuii  Rhenium  Halides 


Double  rhenium  halides,  or  r he ni halides,  are  the  salts  of  rhenium 
halogen  acids,  such  as  chlororhenic  acid,  H^ReClfc.  Except  for  tins,  none 
of  these  acids  have  been  identified,  but  their  salts  do  exist  and  are  made 

from  constituents  other  than  the  acids. 


Double  Fluorides.  Potassium  rhemfluoride,  KjReF^,  has  been  re- 
ported by  Raff  and  Ewaaai hi%^)  a possible  product  from  r Senium  hexa- 

fluoride. 


Double  Chloride®,  The  afore-mentioned  acid,  HyReCl^,  was  found 
by  the  Nodd&ck#*^**  to  result  from  the  interaction  of  hydrochloric  acid 
and  rhenium  dioxide,  and  its  moat  wnansa  salvia  that  of  potassium, 
K-ReClr.,  also  called  potassium  cM^rorhanfte.  It  is  prepared  by 
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<-ed  to  form  other  metal  rheni- 
olio  he  prepared  from  the  penta- 


2R*>t  a t 4KC1  * 2K2ReCl(,  t CI^. 

Briscoe,  Robinson,  nd  Stoddart(^7i)  obtained  it  by  heating  rhenium  and 
potassium  chloride  in  a stream  of  chlorine  gas,  and  Schrnid(^r'^)  by  elec- 
trolytic reduction.  Enk^2^)  found  the  yellow-green  crystals  had  a density 
of  3.  34;  he  also  determined  the  equivalent  and  specific  conductivity  of 
water  solutions  of  the  salt.  It  is  only  slightly  soluble  in  water'302)  and 
dissociates  according  to  the  reaction:(*^^) 

K2ReCl6  * 2K+1  f ReCl^2, 

but  it  then  hydrolyses.  It  is  unstable  above  25  C.  A quantitative 

precipitation  occurs  if  a solution  is  boiled,  and  electrolysis  produces  Re+2 
and  Re+^  at  the  cathode. 

Two  other  double  salts  of  the  same  elements  were  obtained  by  Krauas 
and  Steinfeldl^-^)  and  DShlmann^^O)  These  were  K^ReCl^  (brown)  and 
K^Re.jCljj  (yellow  orange).  The  latter  contained  both  Re  + 3 and  Re+4. 

Double  chlorides  with  metal  ions  other  than  potassium  have  been 
prepared,  usually  by  the  reactions  of  the  type 

2K Re04  + 16HC1  + 6 Ml  w 2M  ReCl^  + 4MC1  + 8HaO. 

The  double  chlorides  are  here  summarized: 


Salt 

Color 

Reference 

AK2RcCl5 

Orange 

343 

Ag3ReGl6 

- 

353 

HbReCi4 

- 

349, 354 

Rb2ReCl6 

<r> 

* W i—  --  --  - 5-"  - 

350, 354 

CsReCl4 

- 

35« 

Cs2ReC U 

Yellow 

350, 354 

T!  iReCIc 

Yellow 

351 

£■  <J 

iA3  e b 

353 

Hg2ReClb 

Yellow 

551 

(NH4)2ReCl6 

- 

349 

A few  u» gaiiic  levies  nf  this  type  also  exist;  they  will  be  discussed 
later  in  Ibis  report. 

r?  A T T E L L r.  ...  ^ I * ' f M =.  T I 1 U 1 t 


eS  L 1U 


&L 

fororc 


) Broiuiaco.  L-‘  ,n 

,'tih  rhenium  di«»xl«ir  ?-•*•> 
tarring  point.  Kraus  5 an 

“ f ii  ’ i T ^ rt  .-tt  « ft  i ~ TV I p - -f 

Ci2  B fO  D-  £?  i' DTJ.4'ijT  i*C  ill  4:  *v 


Ji5n 


f-h*irne 


L • * _4-  1 -*  Z*1  sj i 4,1  \*r~A  1 

i Dahlrnsiim^- 

••  •*'  r r»  w*s~  i r'^  fS,1!  J 


d that  treatment  of  fcy-drctoroniii: 

Hcn*C  d*_  h~1  i t‘"t  p jrf £ b X* fa . VJ  i n^  > 

5®)  and  Krsuss  and  Steinfeidi-^-i 
f,.  hy  addition  of  light -mef*l 


*»  a-  . 


■Salt 

K^RrBr- 

-Rb^Rebr/ 

£ o 


Color 

Violet  red 
Dark  red 
Viols i ted 


Reference 

>rn  ^ n o 

j c* » _* ./ 

350 

a r»n 


Double  >c;dides  Biltjs,  ei  al.  , p repared  rhenium  hydropentiodic 

acid,  HRelg,  by  the  reaction 

K^R«I6  + HzSO^  a K2S04  + HI  + HRel^ 

and  extracted  the  acid  with  ether.  This  reaction  is  not  possible  With  pOt&S  “ 
siuxn  rhenichloride  or  rhenibromide.  The  more  probable  acid  of  this  type, 
iodorhenic  acid,  ^Rel^,  has  not  been  isolated. 

This  potassium  salt  of  iodorhenic  acid,  K^Rel^,  was  found  by  Briscoe, 
Robinson,  and  Rudge(35&)  who  heated  potassium  perrhenate,  an  excess  of 
potassium  iodide,  and  aqueous  hydriodic  acid  at  the  boiling  point  of  the 
acid.  The  rheniiodide  separated  as  crystals.  Decomposition  of  the  salt 
occurred  at  300  C.  Kraus  s and  Diihlmann(^D)  also  prepared  rheniiodides 
ia  like  manner,  so  that  the  known  double  iodides  are: 


Salt 


Color 


Reference 


K^Relx  Brown  black 

NazRc16  BI»ek 

Cs2ReIfe  Black 


350,  356 
350 
350 


Rhenium  Oxyhalides 

Oxyhalides  of  a substance  are  formed  wiiCii  a halogen  is  substituted  for 
part  of  the  oxygen  in  a metal  oxide.  For  instance,  with  Ref^,  one  of  the 
more  common  oxyhalides  is  ReO-,Cl,.  The  oxide  of  Re+7,  of  course,  is 

Rcz°r 


Oxyfluoridcj..  The  first  oxyfluoride  prepared  was  probably  ReOF/( , 
rhenium  oxyietr; -fluoride,  (m)  Ir  was  prepared  by  hydrolysis  of  the  hex  a - 

fj  5 > o r i- if ! c : 


>F  h t H > v . 


Re  OF 


21!  F. 


! (.!  ! 


; I i 


This  jfuiisuuc'c 
39.  7 C,  Ritt'i  aud  JC* 
others  eIas*}  from  rh- 
he 4j.tr a potassium  pci 
fiuoridr : 


.^r  v -;!i^ii*ss  v;  .stair,  with  a melting  point  oi 
jtUfcfc,  *.0  i ; proti.if  ea  the  same  compound,  (and 
*rt  hexafluoride  and  quarts.  Recently  Wiecherti^^7) 


rhenstc  with  hydrofluoric 


to  print  ace  the  trioxy- 


KR®04  -f  HF  * Re03F  + KGH. 

Aynsiey,  Peacock,  and  Rcbinson(338)  prepared  two  more  by  a reaction 
between  fluorine  (with  nitrogen),  rhenium  dioxide,  and  potassium  perrbenate. 

The  other  known  oxyfluorides  are  listed  in  the  following  tabulation: 


teU. 

MP,  C 

BP,  C 

Color 

Reference 

Rhenium  oxypentsfluonue 

^ a 
W 

55 

enters 

338 

» *°?4 

Rhenium  oxy»u«fiuorlde 

na  n 

dfr.  f 

03,7 

Colette** 

2»«,2«'T,S77 

BaOP2 

Rhenium  oxydifluotide 

- 

■ 

Colodaas 

368,287 

«toOaP3 

Rhenium  dicutytriSuons® 

90-36 

SCO 

Puls  yellow 

338 

*<V: l 

Rhenium  dioxydifluoilde 

15« 

- 

Colorleu 

38i,28'7 

MQtf 

Rhenium  trtaiyfluojlde 

- 

- 

Colorle  « 

288,2 87,387 

Oxychlorides . The  first  oxychlorides  were  prepared  by  Brukl  and 
ZeiglerTz7*>) 

by  heating  together  rhenium  heptoxide  and  rhenium  tetra- 
chloride. Fractional  distillation  gave  rhenium  trioxychloride,  ReOjCl,  as 
the  first  product.  Geilmann,  et  al.  , (343v  also  formed  it,  but  by  heating 
rhenium  trichloride  in  oxygen.  The  substance  is  a colorless  liquid,  freez- 
ing at  4.  5 C and  boiling  at  131  C.  It  is  stable  but  will  hydrolyse: 

ReOjCl  f H20  » HCi  + HRe04. 

A second  product  of  the  distillation  is  rhenium  oxytetrachloride, 
ReOCI^,  which  can  also  be  prepared  by  heating  chlorides  in  oxygen: 

6ReCls  + 5CK  » 4ReOCl4  t ZReOjCl, 


or  in  air: 


6R‘ 


C?c  + 5Q.>  » 4ReOCi.  + iKeO  ci  + oCi 
o L 43 


r 


Either  this  trichloride  or  the  pentachloride  can  be  used.  Heating  the  oxy- 
tetrachloride  in  oxygen  yields  the  trioxyehioride: 


- 'T»iO?Cl  * 3CI,. 

B A T T E L «t  r.i  t M O P.  1 A.  L I N S T IT  li  T E 


'•S-W; 


*•77- 


» n ' s rvxvleirac  h*ovi 


consist*  of  brown  crystals  melting  at  about  30  C 


i 


to  iiydrav.iiti’Vi-' 


neTrnrmc  AC  u 


and  hydrated 


rhenium  dioxide,  It 
tetrachloride  prod  *ced 
ir*  ice  to  Re  Of  OH 

of  ReOj  • NK  . 


is  also  found  that  ammonia  -added  to  the  solid  or.y - 
brown  • star-te,  ReO(NH  >)  -?Cl  > , which  will  hydrolyze 
)_,(Nf-! .,),,,  Heating  mnd  evacuating  caused  formation 

i-  {.»  c 


^ p-*k  y 1 9m.  fc-V-  * 

V **■ 

Riidgei^'^). 


ocfalori.de,  ReO-.Ci^,  was  picparc-1 
This  dioxytr icfilr* H de  ran  be  matin 


by  Prlsroe,  Robins  un, 
in  several  ways: 


( i / <c.Ivc  i 3C1^,  + - l S ®*  2K.t.O-,C.l ■% f 

(2)  2ReCl4  + 20,  * 2Re02CI3  + Ci2, 

(3)  2Re2Os  + 6C12  * 4ReQ2CJ3  + G?, 

but  the  authors  specify  (1)  as  the  best  method.  The  salt  forms  needle -like 
red-brown  crystals  and  melts  to  a yellow-brown  liquid. 

Brukl  and  Pletti«ger(^9)  carefully  solvated  rhenium  oxytetrafluoride 
in  organic  solvents  with  small  amounts  of  moisture  present,  A blue  pre- 
cipitate occurred,  having  a ratio  of  rhenium  to  chlorine  of  1:2,  but  a varying 
ratio  of  oxygen  to  hydroxyl  ion.  The  product  could  not  be  isolated,  but  there 
is  a good  possibility  that  it  was  rhenium  oxydichloride,  ReOCl^. 

The  oxychlorides  and  a summary  of  their  important  properties  follow: 


J*it 

N»n»e 

Color  and  SUte 

14P.  C 

Reference 

HeOgCl 

Ifenlura  irlorychlerldc 

Colorless  liquid 

4.5 

131 

258.275 

l^cOgOIg 

abenlmn  dioxyor  iehlctlde 

Red  brown  solution 

23.3 

300“ 

302 

fteOCl4 

Rhenium  csiysetrecKlnriiie 

Brown  solution 

30 

223 

275 

IteOClg 

Rhenium  cxydichloride 

&ue  solution 

- 

- 

3&» 

Oxybromides.  Three  ox y bromides  have  been  reported.  Brukl  and 
ZcigierwOO)  treated  rhenium  with  oxygen  and.  excess  bromide  to  prepare 
the  triexybromide,  ReO-gBr,  This  is  a white  solid  with  & melting  point  *£ 
39.  5 C,  The  reaction  is: 

2Re  •§■  30,  t 2Br  a 2ReO-.Br. 

C J 

Preparation  of  the  dioxydibromids „ ReO^Br^,  was  more  difficult  aince  the 
compound  decomposed  before  it  melted  (60-70  C)  preventing  purification. 
This  caused  it  to  retain  an  excess  of  1-2  per  cent  of  bromine.  It  has  also- 


e A T T £ l 


I.  E 


M « M O n ! 


• » 1 ► 


o 


_f  ~ ported  that  the  ox  y d i b romide , ReOBr^?  forms  a red  solution.  No 
other  .>vy bromide s are  known. 


Si  5 N*  nit 
Kt-.Osifj  rhenium  roy..Hl>*r.nii<Sr 

iReOijBio  Rhenium  dloxydibromlde 

sk.O^Isr  Rhenium  uioxybioimde 


C?1lr,r  and  Susp 
R'-d  solution 


at.  i 


MP,  C FI’,  C Reference 
67 

Lt*  .i;.1;hkcs  at  60-70  C 360 
39.5  t<i:t  360' 


Oxyiodide s . Mu  oxyiadides  have  been  reported. 


Double  Rhenium  Oxyhalides 

Double  halides  of  many  of  the  rhenium  c ompounds  have  been  prepared 
and  here  reported.  In  like  manner,  double  oxyhalides  of  the  rhenium  axy- 
hulides  exist. 

By  the  reaction  of  hydrochloric  acid  with  potassium  perrhenate  and 
potassium  iodide,  Jakob  and  Jezowska(300)  prepared  potassium  oxyrheni- 
chloride,  K^ReOCl^.  These  yellow-green  crystals  hydrolyzed  in  moist 
air  and  were  soluble  in  dilute  acid.  They  hydrolyzed  on  further  dilution, 
and  heating  caused  decomposition. 

Ammonium  oxyrheni chloride,  (NH4)2ReOCl^,  was  prepared  in  the 
same  manner  utilizing  ammonium  instead  of  potassium  salts.  These  crys- 
tals were  also  greenish-yellow  colored. 

Several  other  double  oxyhalides  have  also  been  found;  ail  are  listed 
below: 


Salt 

Color 

Reference 

K2RfiOCl5 

Yellow  green 

300 

(NH4)2ReOCl& 

Yellow  green 

300 

K4Re2OC1I0 

- 

349,  353 

(NH4)4B  j 0 

- 

349, 353 

Ag4Re2OCl  jo 

- 

353 

K2Re2OBr10 

- 

30?, 

Double  Rhenium  Hydroxyhaiides 

In  the  classic  cl  preparation  of  rhenichlorides  and  oxyhalides  from 
perrhenic  and  hydrochloric  acid  and  tb**  metal  iodide,  intermediate  salts 


BATTCLLF 


M £ M O Ft  I A > 


I N S.  T I T U T r 


r !!'  • - inert.  So .-f  th<**:*-  = -e  rhenihaiidrs 
"ro-up?  'substitute a for  halide s . Th»**v  compound 
«>>d  exist  as  double  f sits.  Actually,  they  may  be 
hydrolysis  rs  a rfcenichloride  as  fe-Iiows: 


with  one  or  more  hydroxyl’ 
wOJLreci  hyhxoxyii«sliilt;i5 
considered  it*  form  by 


K.ReC-3 
(HSOS 


« K^ReC-ig* 


OH  + HC1. 


I S 0 ) , - J q\ 

Arausa  and  Dihlmann’  * , Jesowska  and  Jndkot  *4*J,  and  Jakob  and 
JexowsksU  *'h 362^  identified  some  of  these  substances.  The  latter  elec- 


el  fl  » 4^  ys 


odin  acid  solutions  oi  potassium  perrnenate  and  iodine  to 


form  a dihydr oxyhalide , The  salts  are: 


Salt 

Color 

Reference 

K2Re(OH)Cl5 

Green 

349,  350 

K?Rc(OH)2Cl5 

- 

361,  362 

Rb2Re(OH)Cl5 

Yellow 

349,  350 

Rb2Re(OK),Ci5 

Green 

35C 

Cs3Rc{OH)C15 

Yellow 

350 

C»2Re(OH)2Cl5 

Y allow 

350 

(NH.kRe^OHjCl^ 

Cs2Re(OH)Br5 

Red 

349 

350 

Rhenium  Carbonyl  Halides 

These  are  compounds  of  the  type  Re{CG)rX,  of  which  the  most  common 
is  R*(GO)gCl.  This  was  prepared  by  Schultenw63)  by  three  different  re- 
action®, all  at  230  C for  30  hours  under  250  atmospheres  pressure, 

(1)  Re  Gig  + 4Cu  + 9CO  * Re(CO)5Cl  + 4CuCl>  CO 

(2)  ReGlg  + 2Cu  + 7CO  * Re(CO)r)Ci  + 2CuCl-  CO 

(3)  K?ReCl^  ?•  3Cu  + 8GO  » Re(CO)sCi  + 3CuCI  CO  * 2KC1 

The  rhenium  pentacarbonyl  chloride  is  extracted  with  ether,  appearing  as  a 
line  grayish  ponder.  The  iodide  and  bromide  salts  can  also  be  prepared  by 
identical  method#.  All  are  odorless,  insoluble  in  water,  and  arc  decom- 
posed by  hydrogen  peroxide -sodium  hydroxide  mixtures. 

Hiebcr,  Sc  huh,  and  Fuchs^^^  also  tried  to  make  rhenStrm  carbonyls. 
They  repeated  the  methods  of  Scfculten  and  also  derived  new  methods  but 
were  at  first  unsuccessful..  Eventually  they  were  able  to  prepare  two  com- 
pounds by  the  reaction: 

Re  r CuCI2  + 6CO  * Rc(CO)5Cl  + CuCiCO. 


1 


- -at 


i 


»/■  TTELLE 


MEMORIAL 


INSTITUTE 


This  was  essentially  the  ssn.e  as  bchuicen1  s mriliou,  oo. Hi  ring  ai  high 
temper  atones  and  pressures,  Re(Cu)^Cl,  Re(CO)^Dr.  and  Re(CO)- 1 could 
be  ro»u«  by  this  me ihc.d,  Another  method  «»a.s  the  . taction: 

KKeG4  r CC14  f SCO  *=  Re(CO)5Cl  f KC1  + COC1?  + 1CC>2. 

This  «*I»u  occurred  at  high  temperature  and  pvvs --.n-  . One  halide  can  also 

he  made  by  another  reaction: 

ZRe(CO)sl  + in  z m £Re(CO)5Er  ; I2. 

The  boiling  point  of  these  compounds  ranges  from  90  to  140  C decreasing  in 
older  from  the  iodo-  to  the  chloro-compound.  This  represents  steps  of 
increasing  stability. 

Hieber  and  Fuchs^^}  then  found  that  rhenium  carbonyl,  Re(CO)5, 
could  be  prepared  by  two  methods,  neither  of  which  involved  removing 
halogens  from  the  halide  carbonyls.  Either  potassium  perrhenate,  rhenium 
hepioxide,  or  one  of  the  lower  oxides  were  treated  with  carbon  monoxide  at 
200  to  250  C and  250  to  270  atmospheres: 

2Re20?  + 2GCO  * 4Re(CO)5  + 702. 

The  crystalline  carbonyl  is  pseudo-tetragona^.  and  resistant  to  acids 
and  bases.  It  melts  at  177  C,  but  is  decomposed  by  nitric  or  sulfuric  acid 
on  heating  (400  C).  The  presence  of  sulfur  causes  catalysis  and  may  in- 
volve formation  of  compound,  ReH(CO/5.  The  carbonyl  is  probably  dimeric, 
existing  as  [Re(CO)^]2. 

Sulfur  Compounds  of  Rhenium 

Rhenium,  like  any  other  metal,  forms  two  types  of  sulfur  compounds, 
the  sulfides,  where  the  metal  combines  with  sulfur  alone  and  directly,  and 
the  thiosalts,  which  involve  the  metal,  sulfur,  and  some  other  element. 

Thio-Saits 

Feit(3  18, 365)  treated  saturated  potassium  perrhenate  solution  with 
hydrogen  culfide.  K yellow  solution  appeared  which  Feit  reported  as  a 
thioper  rhenate: 

KRe04  + HZS  ■ KReOjS  4 H^O. 

This  compound  hydrolysed,  forming  monothioperrhenic  acid: 

+ H-,0  ■ HReO^S  \ KUH. 
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Treatment  of  th«  iiukfios  villi  ?>.s i!s.«*'rs  j»nMate  ciiudtu  formst!©**  »n 
unstable  eotnpe  unds  ci  xnauxum,  i'i*  **-■<•*.»  Tine**  'i'r*vmeai  w; 


le  compounds  of  xhaliium, 

ootsper,  and  mercury  ttv.wuaauis  «, 


» ? 


; *U5 : 


,. : 4 


-ipitstes.  The  pvt?  s shim  salt  of  monc -fhiepeirbpsii-;  am 
in  wti*r  sr*d  ethanol.  Th«  i?ub\iR*:rn  *«■«  salts,  v/hxci 


rr.ation  t»i  $>*  e •* 

v*r  y aolMfcl* 

. FeU.  evidently 


®’eo  psse|>*red, 


fcf*. 


» s soluble. 


Sulfide  s 

Noddack^^7)  originally  reported  that  the  action  of  hydrogen.  sylfide  on 
rhenium  produced  twee  sulfides,  ^**2^7’  and  ReS^.  "^bi®  view  wu 

supported  by  Schacherl(  I02)s  who  stated  that  rhenium  disulfide  was  the 
only  one  of  the  three  that  was  stable. 


Rhenium  Heptas* Jfide,  Re^S?.  This  was  prepared  by  precipitatn  l 
when  perrhen&te  solutions  were  treated  with  hydrogen  sulfide  :^7^’  306,  366} 

2HReG4  + 7H2S  * Re^Sy  and  8H20. 

However,  there  was  some  difficulty  in  securing  a precipitate  and  the  re- 
action was  not  thought  to  be  quantitative,  so  Briscoe,  Robinson,  and 
Stoddard^7^)  prepared  the  heptasulfide  by  treating  potassium  perrhenate 
with  sodium  thiosulfate  in  acid  solution.  They  claimed  this  method  was 
better  than  the  hydrogen  sulfide  precipitation.  Bilta  and  Wiebke066)  re- 
futed the  statement  that  the  hydrogen  sulfide  precipitation  of  rhenium  hepta- 
sulfide was  not  quantitative.  They  prepared  the  heptasulfide,  and  found  it 
to  be  a black  powder,  easily  oxidised  in  air.  Its  density  was  4.  866  and  it 
decomposed  exothermically  at  460  to  480  C.  It  was  nearly  insoluble  in 
water,  and  was  attacked  by  nitric  acid. 


Rhenium  Disulfide,  ReS^.  Rhenium  disulfide  may  be  prepared  by 
heating  the  heptasulfide  in  nitrogen  or  carbon  dioxide;  sulfur  is  sublimed:*36®' 

(a)  Re2Sy  « 2ReS2  + 3S. 

The  dieuliide  snay  sdac  be  prepared  directly  from  the  elements: 

(b)  Re  * 2S  ® ReSg, 

or  by  th-';.  method  of  Tiede  and  I ^roke^i8);  who  heated  rhenium  metal  and 
the  heptasulfide  at  1400  C: 

3R®  1*  fR«2^7  * 7R*S>. 

In  Method  (b).  a pressure  of  hydrogen  sulfide  must  be  maintained. 
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The  disulfide  is  uuit<? 
compost  until  heated  above 

i , 1!  Will  qu.".  V*  T, . 

ti  O ' 1 


ftabis;  Juae?  and  U found  ii  did  not  de  - 

1000  C.  It  ras  black  and  possessed  a density  a» 
Heating  in  air  caused  decomposition  by  ox  id*  ~ 


4ReS2  4 ISOi  * d t<  e ?&7  1 SSOj* 
Heating  in  hydrogen  forced  red  act  ion  to  the  me  mi 

RcS,  f -HI  * He  + 2HxS. 

*L  *- 


Rhenium  Trisulfide,  ReSy.  The  trisulfide,  ReS^,  mentioned  by 
Noddackl^rT  and  S c ha c he riT^d) f has  not  been  prppa  red  since.  Its  existence 
must  be  considered  questionable. 

The  sulfide  compounds  are  valuable  in  the  chemical  analysis  of  rhe- 
nium* where  sulfide  precipitation  for  the  separation  of  elements  is  common. 
Thin  subject  will  be  covered  completely  in  the  Analytical  Chemistry  section 
of  this  report.  A summary  of  the  more  important  rhenium  sulfur  compounds 
that  been  identified  follows: 


Compound 

NAITtC 

JteS2 

Rtienlum  dUulfldc 

Rhenium  hepUsulfide 

HiteOgS 

Mono-iliiopeabentc  «c.id 

KReOgS 

PouMium  thlopenhenete 

TIfteOgS 

Thallium  thieperrbeuate 

tih»s4 

rha  1 Hum  thlorhenim 

PtHfteOgS)2 

Plumbic  thiopsrrhenaie 

Hgme03S}2 

Mercuitc  tiiiopenhenate 

Color 

□entity 

Reference 

HUck 

T.  5 

102,287, 36# 

Black 

4.866 

102,297,366 

- 

- 

318,363 

Yellow 

- 

318.363 

Yellow 

- 

318 

- 

316 

Red 

- 

318 

Yellow 

- 

318 

Miscellaneous  Ino rganic  Compounds 


Sclenides 

Two  seK- aides  cf  rhenium  have  been  prepared  by  Briscoe,  Robinson, 
and  Stoddard.  (2  1 Bulk  are  anal.agous  to  the  sulfides  arid  are  formed  in 
the  same  manner. 
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Rhenium  Heptase  lunidc  ? He 7.  This  was  prepared  by  t-'  ;;  ri< 
ammoniatea  aqufoas  ;m- ;i  cm  p<*T?-l*.rn3tc  with  hydrogen  selenitic: 

2KReC*4  -*  7H2«e  a RejScy  4 i-  ZKOH. 

jLnke  tue  suixidut  d is  b.  blacK  puiv tl*r. 


Rhcniun?  1 ‘isc igr.idc , ItcSc^.  H («<*  he placet  aide  was  heated  for  nme 
hours  at  3 30  C in  vacuum,  reduction  to  the  dLselernde  occurred: 


Ke^ciey  ® c’,lleSc^  t 3-5  u. 


Phosphides 

Haraldsen^k?)  heated  rhenium  and  phosphorus  together  and  observed 
compound  formation  at  ound  and  above  780  to  800  C.  The  possible  com- 
pounds formed  were: 


ReP3 

Rhenium  triphosphide 

ReP2 

Rhenium  diphosphide 

ReP 

Rhenium  phosphide 

Re2P 

Rhenium  subphosphide 

Suicides 

Only  one  siliciae  has  been  reported,  and  that,  the  disilicide,  ReSi2, 
by  Wallbaum.  The  compound  is  isomeric  with  molybdenum  silici.de, 


Arsenides 

Weichmann,  Heimberg,  and  ^ studied  the  system 

rhenium-arsenic.  They  reported  only  one  compound  was  formed,  Ae^Asy- 
The  arsenide  decomposed  at  780  and  no  i«ie.rmediate  compounds  were 
formed.  The  affinity  of  rhenium  for  phosphorus  is  greater  than  the  affinity 
of  rhenium  for  arsenic. 


Rhenides 


The  posi;ib’l;*y  that  rhenium  existed  in  the  Re"*  state  was  discussed 
in  the  Valence  States  section  of  this  report,  lCuils  and  Elviug(37>}T  assum- 
ing that  Rt  ~ ’ would  ?.rt  like  a halide,  attempted  to  s«pai  ate  insoluble  silver. 
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h ■ = - i i.->  -hvumt-*-..  The  rhenide  ion  proved  too  strong  a * ’ucing 

sj-t  r.i  {..  :!•••  ‘nl-  , so  t'i * 1 . not  i filurcd  by  Re  “ l , was  assayed  as  the  cation. 
Evidently  ' "lite  w-.s  prepared  in  solution,  but  could  not  be  precipitated  be- 
cause ill.. j ■loci  . lilocide  -uni  iktlluim  bromide,  also  present,  are  less  solu- 
ble. 

viiv-  iOi;  *.  t-in j'MMnus  of  Klu  I'm 

Alkanes 

T rim  ethyl  rhenium,  Ke((.Hj)>.  This  t rialkyl  rhenium  compound  was 
prepared  by  Druce\2^0)  by  t footing  tin*  trii  htoride  nl  rhenium  with  a 
Grignard  reagent: 

2ReClj  t br.H  jMgl  a <iRe(CH5)j  t tM»b  t IMgCl^. 

The  organic  is  a volatile,  colorless,  inflammable  oil,  heavier  than 
water  with  an  ethereal  odor.  It  boils  at  60  C. 

Triethylrheniurn,  Re(G?H^)-^.  Druce  claimedl^^^)  that  he  also  pre- 
pared this  compound  in  like  manner  to  the  t r imethylrhenium.  It  had  the 
same  general  proper1'  - ? the  methyl  compound,  but  boiled  at  50  C. 

Other  authors^- }73)  have  also  tried  to  formulate  these  organics. 
They  were  generally  unsuccessful,  and  stated  that  rhenium  chloride  cata- 
lysed a reaction  between  methyl  magnesium  iodide  and  methyl  iodide,  pro- 
ducing only  methane  or  ethane  as  product.  Druce' s explanation  of  their 
troubles  was  that  "impurities"  caused  the  failure. 

Pyridine  Perrhenates 

Copper  Tetrapyridine  Perrhenate,  f Cu(C5HsN)4]  (ReU4)Z-  Wilke- 
Dorfurt  and  Gunse  **  w isolated  this  compound  after  treating  pyridine  with 
cupric  chloride  and  perrhenic  acid.  It  is  a blue  crystalline  salt,  slightly 
soluble  in  water  and  possessing  a density  of  Z.  338. 

Silver  Tetrapyridine  ReQ4,  This  was  pre- 

pared by  the  above  investigators  in  the  same  mariner.  It  is  unstable,  yield- 
ing a pyridine  group,  C5H5N,  to  form  tripyridine  perrhenate,  also  an 
unstable  complex. 
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2,  ?'~Dlpyridyl  Per rhenate,  CsjHtjN-  NCsHg-  HReQ-i,  and  2,  Z 
Tripyridyl  Pc rrbenate , CsHgN-  CkHkN-  CsIJ^N-  IIRcGa.  According  to 
r>rucc(335,  35 1),  these  were  prepared  by  Turkiewiczd4  '"»)  and  reported  by 
Morgan(3  H)#  The  substances  separate  from  a solution  of  the  pyridine  base 
in  perrhenic  and  acetic  acids. 


Alkyl  Oxides 


Rhenium  Triethoxide,  Re(UU2Hs)j,  and  Rhenium  Tr:  Tsopropyiaxide. 
RefOCjH?)^.  Sodium  ethoxide  or  sodium  propoxidc  were  treated  by  Drucel 375) 
wiirt  rhenium  trichloride: 

ReCl3  + 3NaOC2H5  x 3NaCl  + Re(OC^H5)^ 

ReCl3  + 3NaOC3H7  * 3NaCl  + Re(OC3H7)3. 

These  organics  are  brown  solids  decomposed  by  water,  acids,  or  alkalies. 
They  are  stable  in  air. 

Organic  Halides 

Turkiewicz^^}  has  already  been  mentioned  for  his  preparation  of 
pyridyl  perrhenates.  In  addition,  he  treated  the  pyridine  base  with  chloro- 
rhenic  and  hydrochloric  acids,  causing  formation  of  three  pyridyl  chlorides: 

(1)  2,  2* -Dipyridyl  Rhenichloride,  C5H4N'  Csf^N-  ^ReClf, 

(2)  Bis-2,  2*-Dipyridyl  Rhenichloride,  (051^4^  C5H4N)2  H^ReClf, 

(3)  2,  2*,  2 ’’-Tripyridyl  Rhenichloride,  CjH4N- C5H4N.  C3H4N- H2ReCl^ 

The  dipyridyl  salt  (1)  appeared  as  yellow  needles,  and  the  bis -salt  (2) 
as  green  ones.  The  bis-  and  tri-salts,  (2)  and  (3),  are  only  slightly  soluble 
in  water. 

Numerous  authors  ha\'e  prepared  other  complex  organic  halides.  The 
formulas,  names  and  references  for  many  oi  these  CuinpCUZl  dr  have  been 
compiled  in  Table  12.  Lebedinskii  and  Ivanov-Lmin(37  6)  claim  that  their 
stable  complexes  are  the  firnfc  examples  of  rhenium  in  the  cation. 

Carbonyls 


Rhenium  Tricar  bcnvl  Pyridine,  lie  1 CO>3 (C slisN  1 2.  This  was  prepared 
Ly  Hiefctti  arid  Fuchs  (3  7 7)  from  rhenium  carbonyl  and  pyridine: 

Ke(CO)5  -r  2C5H5N  x Kc(CC} 3 (C pH*  JJ ) * + 

\ n r-  r s 1 H . f. 
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SUMKATIOW  OF  THE'  KNOWN  COMPLEX  RHENIUM  ORGANIC  HA  LI  DEG 


■ iunjrf;  t,  ■ 7~  | |gW— 1 nBBMi  flW  tt  „ „ ■~JarfT~_^rr|r^iT7~rfty^J. 


Fsi.-Ot’.'s  Kt'ii 

Author 

Reference 

CjH^W H2toCI6 

teiic-w 

Morgan  and  Davies 

51 

a,  a -ul^.KIyl  rhss  irHVnld? 

Tu'WrwiCZ 

2'M 

Schmid 

37« 

(CSH4N  CsH4N)2HSReCl6 

61 

•it-)*.  y-dlnv»i«wl  >«*filchlh;i‘ig  

* 

w 

furkiewica 

ZM 

C2H5R*(DH)a3 

Ethyl  rhenium  hydtoxychloride 

- 

Druce 

376 

C^HTRe'OHICI.. 

Propyl  rhenium  hydroxydiioride 

- 

Druce 

376 

{C6H4CH3NH3i2H2ReCi6 
D)  -toluidyl  rheniehlorids 

Yellow  brown 

Schmid 

352 

C;jH7N'C9H2N-  H2RcCi6 
Di'tjulnodyl  rhenichkKide 

Yellow  brown 

Schmid 

362 

Cj5HgN-  C5H4N*  C5H4N'  H2ReClg*  H30 
2,2s,  2"-trlpyridyI  rhcui  chloride  hydrate 

- 

Morgan  and  Davies 

51 

[Re02(C2Hs(NH2)2>2]CI 

Rhenium  dioxydiethylenedUmine  chloride 

Yellow 

Lebedtaskit  and 
Ivanov -Emin 

376 

tRe02(C2H5(NH2)2)2lJ 

Yellow 

Lebedinski  i and 

376 

Rhenium  dloxydieth/lenediamine  iodide 

Ivanov -Emin 

[ ReC<OHjC2H5CNH2)2  ]C12 

Rhenium  oxyhydroxyethyknediamine  diehloride 

- 

Lebedinski!  and 
Ivanov -Emin 

376 

[ RcO(OHXC2H5(NH2)2)2]i'tCi6 

Rhenium  oxyhydrexydiethyleiwdliinine  pUrini chloride 

** 

Lebedinski*  and 
Ivanov- Emin 

378 

f ReO(OHXC2H5rHH2)  4)2  3 Co(N02)6 

Rhenium  oxyhydroxydlethyienediainine  cobfiltJciirtro 

Lebedinsfcil  and 
Ivanov  -Emirs 

376 

f p*rnH)2<C?%(NH2)2)2lCi3 

Blue 

Lebedinski!  and 

378 

Rhenium  >>y<-  .>xy<iituiyki;ic!lsrr)Jn-  ^'^irsriefc 

. Ivanov -Emin 

(C9H7N)48£2OCl30 

Teaapy.'idlsc  rhenium  oxychloride 

Jesowta*  and 
Jtidko 

{C^H-jS-OoitetO^Ci  5 

Di pyridine  rhenium  hydrwxycbiotide 

- 

Jescmka  and 

JOdfeo 

340 

FcfCHfjVO 

Dii:;*.J;yl  rhsnicre  chloride. 

“ 

Deuce 

371 

e.  T T £ ! s f- 
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hlororhe- oum  T r •carbonyl  l’-, 

■ 1 '■  ■ i in—, 

it 

al*'*  ■ T K* 

made  with  iodine  re pi-s*.  m-  R 

iTTThh"; 

- ; 

> ; 

- " £• 

unit-  Rase  can  be  regarded  as 

re  pi;vj  1 

: . * j * ut' 

lit  compound:*  rhenium  pentacarbonyl  chlm  Lie, 

o-Piienanthroline  also  substitutes  in  ar-.logwuc 
The  r**t»(:Uon  is  cc«f*.!u«ml  simpler  t*»  arrmnpiish  ih 


■•.iijN)/.  This  r:;n 

j;.  ft  j-.-l 

i 'i  i i v>  ■ i ‘ cl  K t> •.  j i i y 1 v it  ‘ i 3 

R di-‘%c:s. 

; manner  to  pyridine, 
ion  v/ith  pyr  idine  itself. 


Oxy  c yra  nine  a 

In  1935,  Morgan^J  produced  a romplrx  organic  cyanide,  potassium 
rhenium  oxycyanide,  Kj[  ReO(CN)4] , from  potassium  perrhenate.  The 
dioxy-sai.t  was  prepared  next  by  Klemm  and  Frischmuth^^  from  potassium 
rhenichloride,  potassium  cyanide,  and  hydrogen  peroxide.  This  salt, 

K^[  ReO^CN)^] , occurred  as  red  monoclinic  crystals.  It  was  soluble  in 
water  and  stable  up  to  300  C.  The  density  at  40  C was  2.  704.  The  thallium 
salt,  TTj[  ReQ-,(CN)4] , was  also  made  by  the  same  process.  Later,  Morgan 
and  Davies^  ^Tmade  the  hydrated  salt  of  sodium,  Na^  [ ReC^fCN)^]  • iH  ^O, 
and  also  potassium  sodium  rhenium  dioxycyanide,  K3  Na[  ReC>2  (CN)4j  • £>H;>0. 
Morgan'-*"4'  had  already  prepared  the  monoxy-salt  of  this  series.  Druce(371) 
reported  that  Turkiewicz  made  a partially  hydrated  compound,  K,3[ReO(CN)4* 
OH],  from  rhenium  dioxide  and  potassium  cyanide. 

Holemann^^)  produced  many  of  this  typ?  of  complexes,  but  never 
analyzed  them.  He  did,  however,  report  that  the  average  valence  of  rhe- 
nium was  about  5,  and  evidently  prepared  rhenium  oxycyanide  salts  of 
silver,  copper,  mercury,  and  lead  in  addition  to  those  light-metal  salts 
already  reported. 


Tribalat^^)  studied  the  reduction  of  perrhenates  with  potassium 
thiocyanate  and  stannous  chloride,  a reaction  typical  of  the  type  leading  to 
preparation  of  these  salts.  She  found  that: 


HReG4  1 KC1  + SnCl£  + KCNS  a Re+4. 


The  reaction  is  quantitative  if  the  hydrochloric  acid  is  four  normal.  At  this 
point,  the  stannous  chloride  reduces  the  R.e+^  to  Re+4.  If  the  acid  is  one 
normal  and  excess  SnClg  ia  uaeu,  Loth  Ke+4  5*«d  Re+!*  are  present. 


The  oxycyanide*  are  summarized  in  the  tabulation  on  the  following 

• \ ■-  • #* 
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Salt 

Crli.'  r 

Reft  - 

K ..  I ReO(CN)4J 

- 

ft  7 

K1[ReO{CN)4]OK 

- 

? ft  i 

KiNa[  ReO(CN>4] 

Pink 

371 

K,{ KeO,(CN}4] 

Red 

17  ) 

K^Naf  Re(J?(CN)4]6H20 

Red 

5 1 

Re02(CN)4J 2H2 O 

mr  1 i 

51 

T 1 3 [ Re02(CN}4] 

- 

281 

(C19Hl5N2H)3[  Re02(CN)4]  4H20 

- 

51 

{C13H9NH)3[Re02(CN)4]2H20 

- 

5 i 

(C  J 3HgNH)2H{  ReG2(CN)4] 

- 

51 

(C,0H8N2HditReO2(CN)4jpH2O 

- 

51 

<C10H8N2H2>3Ht  '‘c02(CN)4]24H20 

- 

51 

Thiocyanates 

Druee'^^  and  Miller (38  I)  prepared  the  only  reported  compounds  of 
this  type  by  the  following  reaction*: 


dHRe04  + 10HCI  + SnCI2  * 2RcQC14  + SnC.l4  + 6H20 
ReOCl4  + 4KCNS  * ReO(CNS)4  + 4XC1. 


Rhenium  oxythiocyanate,  ReO(CNS)4,  is  a dark-red  crystalline  material 
which  decomposes  to  a yellow  organic  sublimate  and  residue  when  heated. 
Organic  salts  may  be  easily  prepared,  so  Druce  made  the  double  derivatives 
ax  pyridine  and  quinoline,  analogous  to  urany!  salts  of  the  same  type: 

Salt  Color  Reference 


ReO(CN$)4  D ark  red 

(C6HSK'  HCN!>)2ReO(CNS)4 

(C0HVK‘  V.  CHSi _ ReO^CNS)  4 


380. 381 
380 
380 


tj  ft 


I ;i  i itu  : ft 


T •!  ft  ft  L 


fi  f M ‘‘i  R i ft  L 


_ .KM,. 


r \ca  t. 


- ? 111  : JiO 


li  ;■ 


; i u ; 
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Mi  croc  hemic,  a.1  Reactions  (Spot i c c t.i) 

■ • • •l».siinv;viished  from 

■ licit  (Htiassium  thiu- 

Geilmann  and  Brunger(38^)  then  showed  that  t eburn  and  rubidium 
perrhenates  would  be  dyed  red  if  precipitated  in  the  presence  of 
They  claimed  that  0.  00025  mg  of  rhenium  could  be  detected  in  0.  00035  cc 
of  solution  by  this  method. 

Nitron  is  an  organic  precipitant  often  used  in  both  qualitative  and 
quantitative  determinations  of  rhenium.  Kronman  and  BibikovaC38  i)  added 
nitron  acetate  to  a drop  of  acid  potassium  perrhenate.  Gelatin  was  super- 
imposed on  this,  and  titanium  trichloride  added  on  top  of  the  gelatin.  The 
titanium  trichloride  diffused  down  through  the  gelatin  and  caused  the  nitron 
perrhenate  crystals  to  be  dyed  brownish  yellow.  Another  author^ found 
that  hydrogen  iodide  and  an  iodine  crystal  will  give  dark  cyrstalline  pre- 
cipitates of  the  form  if  added  to  ReC>4~ion.  Salts  of  potassium, 

rubidium,  cesium,  thallium,  mercury  (ous),  or  silver  are  those  which,  of 
course,  must  be  present  to  provide  the  MT*"  cation.  Molybdenum  and  tungsten 
interfere. 


NoddacV-{^9"?}  firrt  suggested  ;ha«  rhenium  ■-.<■-• 
VuQiybucnuKi  by  tiic  iorniotiorj  ot  q.  yellow— reel  cgIvji 
cyanate  was  added  to  a rhenium-containing  solution. 


One  of  the  earl’cr  methods  was  the  borax  bead  test,  to  which  rhenium 
imparted  a biack  color  if  heated  in  a reducing  flame.  (385)  Yagodal386) 
used  a = odium  carbonate  bead.  If  more  than  50  per  cent  manganese  was 
present,  rhenium  caused  a black  to  yellow  to  white  color  change  in  the  re- 
ducing flarne.  Any  flame  was  usable  if  there  was  no  manganese  present, 
and  tungsten  or  molybdenum  did  not  interfere.  0.015  mg  of  rhenium  cou.^ 
be  detected. 


Stannous  chloride  will  reduce  tellur«tes,  suctx  as  Na>It04,  it  rhenium 
i*  present  to  catalyse  the  reaction,  A black  precipitate  or  color  will  result. 
Poiuekicvl38  J)  detected  as  little  as  . 025  sc  iC~^  gram  in  .05  cc  by  this 
method,  but  molybdenum  and  other  elements  interfered.  This  problem  can 
He  solved  by  first  distilling  the  rhenium  from  the  impurities  as  the  heptox- 

-389) 
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used  the  same  type  of  reaction,  but  aducu  potassium 


thiocyanate  to  staunouu  chloride.  Molybdenum  interference  was  slimi- 
nated  by  decolorizing  with  NH^OH-HCI.  And  tungsten  interference  eliminated 


-l.1ir.jfc  r-1  n 


acid. 


i l 


uu  - 


1 : j quilt  ■.  S ;ii'r  u*r  '.OOi  to  ;»'  Tor  <:  >;  ;i  Uipi:’  , « i > _■  r i m~  p 1 1 

to  pCiiheii.it;:  p "1  ■■  *v«  = 1 i.hu  mu-  .jerrit,  . 


(Nil  ;)(,(RcOj  ! 


wnu  - »*  will  tit  it  t i ■ . • ».  id  v I'rfiji  i * • .citeuium.  V ' 
mas ri urr-  t hiocy '<!>4te  form  gr*er»  cnrnpie ices,  ef- 


fective to  as  low  as  5 x 10”°  gram  of  rhenium,  but  these  reagents  do  the 
tiame  with  molybdenum,  Dilute  iodine  gives  s.  crecn  color  witn  molyb- 

denums hist  the  roiuf  is  iiiuc Si  stronger  with  rhemusi. . Swiklcer1  s rssgent^^j 
or  thallium  nitrate  will  deled  small  amounts  of  .•bcuium  os  bluish  crystals. 
Acridine  is  also  used,  but  pyridine  is  better.  (3ql) 


Wenger  and  DuckertO^Z).  £n  a general  evaluation  of  qualitative  data, 
found  that  two  tests,  that  with  stannous  chloride  and  sodium  tellurate  or 
another  with  stannous  chloride  and  D MG  (dimethylglyoxime)  which  produced 
a yellow  color,  were  the  only  fully  satisfactory  methods  of  detection. 

Several  authors(^93,  394)  have  suggested  methods  for  preparation  of 
rhenium  salts,  followed  by  confirmation  of  their  occurrence  by  microscope. 
Hurd,  in  Scott*  s Standard  Methods  of  Chemical  Analysis (3 95 )f  recommended 
the  following  procedure: 


(1)  Precipitate  rhenium  heptasulfide  by  acid  hydrogen  sulfide. 

(Z)  Remove  molybdenum  by  addition  of  sodium  sulfide  to  (l). 

In  this  step  the  molybdenum  will  be  extracted,  the  rhe- 
nium sulfide  remaining  insoluble. 

(3)  Digest  sulfide  in  sodium  hydroxide  and  hydrogen  peroxide; 
a soluble  sodium  perrhenate  will  now  be  present. 

(4)  Filter  off  any  hydrated  oxides.  Concentrate  by  evaporation. 

(5)  Add  solid  cesium  chloride  to  one  drop  of  Solution  (4). 

(6)  Identify  the  resultant  crystals  of  CsReO^  microscopically. 

Several  other  final  precipitant^  can  also  be  used,  such  as  rubidium 
chloride . Geiimann  and  Wrigge(394)  precipitated  and  identified  the  crystals 
characteristic  of  double  chlorides,  prepared  from  acid  solutions  of  rhenium 
trichloride  by  addition  of  rubidium,  pyridine,  quinoline,  acridine, 

and  others,  oalts  of  the  type  K-»3t®Clg,  GsRe.Cl^,  trad  C gNHReCl^  are 
produced.  Photomicrographs  of  a few  of  these  crystals  are  reproduced  in 
Figure  12. 
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and  open-tube  reactions  were  studied  at  an  early  date  by 
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but  those  with  the  open  tube  were  evaluated  as  good.  Very  small  quantities 
of  rhenium  can  be  determined.  If  a test  tube  containing  rhenium  is  heated, 
the  following  will  occur: 

(1)  A bluish  oxide  will  form  near  the  test  substance,  particu- 
larly if  sulfur  dioxide  is  added.  Druce^®^)  suggested  that 
this  was  the  oxide  R^Og. 

(2)  Farther  away,  yellow  hygroscopic  crystals  of  rhenium 
hep ta sulfide  form. 

(3)  White  drops,  possibly  impure  rhenium  heptoxide,  appear 
on  the  coolest  part  of  the  tube. 

(4)  White,  odorless  fumes  at  the  open  end  of  the  tube  color 
the  Bunsen  flame  yellowish  green. 

(5)  The  oxide  deposit  can  be  dissolved  in  water,  perhydrol, 
and  ammonia.  Treatment  with  potassium  or  rubidium 
chloride  yields  potassium  or  rubidium  perrhenace. 

If  rhenium  compounds  are  placed  on  charcoal  in  an  oxidizing  £lame(385), 
fumes,  a green  color,  and  a bronze-red  deposit  are  formed.  Geilmann  and 
Wrigge  said  this  and  other  flame  tests  were  poor. 

Yoe(397) 

added  the  following  reagents  to  rhenium  solutions  in  the 
order  given,  and  noted  the  color  changes.  The  solution  was  first  prepared 
with  hydrochloric  acid  and  ammonium  acetate.  Then  "aluminon"  (the  am- 
monium salt  of  aurintricarboxylic  acid)  was  introduced,  causing  formation 
of  a red  solution.  Ammonium  hydroxide  turned  the  solution  pale  yellow, 
and  ammonium  carbonate  destroyed  all  color. 

Potassium  thiocyanate  and  stannous  chloride  were  presented  as 
reagents  by  Geilmann,  Wrigge,  and  Weibke.(398)  As  little  as  0.  5 x lQ~f» 
gram  of  rhenium  could  be  detected.  The  thiocyanate  was  added  to  an  acid 
solution  containing  stannous  chloride.  The  presence  of  rhenium  was  indi- 
cated by  a yellow  color:  ether  extraction  removed  the  yellow  complex  and 
evaporation  of  the  extracted  solution  left  a red  solid.  This  reaction  was 
modified  by  Hurd  and  Babler(399)  and,  in  a general  study,  was  later  stated 
by  to  be  the  best  laboratory  test  for  the  defection  of  Re+7.  Hurd 

also  found  that  ethyl  xanthafe  would  separate  molybdenum  from  rhenium  by 
formation  of  a molybdenum  complex^  removable  by  carbon  tetrachloride 
extraction.  The  rhenium  is  then  free  to  be  detected  if  present.  This  re- 
action separates  Group  III  elements  in  the  analysis  system  developed  by 
Wenger,  Duckert,  and  Ankajdio.  ^9 1) 

Hurd(400)  di  scovered  that  rhenium  will  appear  in.  the  test  for  arsenic 
tiding  the  system  of  Prescott  and  Johnson.  Their  text(4^2)#  noting  that 
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rhenium  belongs  to  the  hydrogen  sulfide  group,  suggested  detection  by 
fusion  of  the  heptasuifide  with  sodium  hydroxide.  In  the  absence  of  chro- 
mium, manganese,  rubidium,  and  osmium,  a yellow  color  appeared.  Water 
extraction  and  precipitation  of  ammonium  or  potassium  perrhenate  give 
further  proof  if  desired. 

Rhenium  can  be  determined  in  Noyes  and  Bn,\'s  system,  although 
much  rhenium  is  thought  to  be  lost  in  acid  hydro y sulfide  precipita- 
tions. 4u«*/  However,  this  can  be  avoided,  an-1  final  detection  by 

stannous  chloride,  potassium  thiocyanate,  and  hydrogen  sulfide  is  recom- 
mended. 

Geilmann  and  Bode^®^>  406)  have  recently  compiled  extensive  in- 
formation on  the  techniques  of  separating  rhenium  from  the  hydrogen  sulfide 
group  and  other  metal  ions.  Some  of  the  methods  for  cation  removal  follow: 

(1)  Ag* * -Precipitate  as  a chloride  or  metal  from  basic  solution. 

(2)  Hgif  -Precipitate  as  Hg  by  hydrogen  peroxide  from  basic 
solution,  or  by  reduction  with  hydrazine. 

(3)  Pb~*~^ -Separate  as  the  chromate,  thiocyanate,  or  thio- 
sulfate . 

(4)  Bi* 3 -Remove  as  the  oxychloride  or  phosphate. 

{5)  Cu^ -Precipitate  by  hydrogen  peroxide  from  basic  solution 
or  remove  by  electrolysis. 

(6)  Ccf^' -Precipitate  1 y 8 -hydr oxyquino line . 

(7)  As*  ^-Remove  as  (NH^^AaO^  3H£0. 

(8)  Sb+3  -Remove  with  thionalide,  or  separate  the  rhenium  by 
hydrogen  sulfide. 

(9)  Sn** -Separate  by  boiling  in  a buffered  acetate  solution, 

{10)  Au+  * —Separate  wit  sulfur  dioxide,  hydroquinone,  or 
oxalic  acid. 

{ 1 1 ) Mo  ^-Precipitate  with  oxime. 

(12)  Ge*^-Sspar»tc  as  Mg^GcQ^. 

(13)  Sej^-Remove  by  reducing  agents.  Not  usually  harmful. 

(14)  Tcf~4- Precipitate  with  hydrazine  and  sulfur  dioxide. 
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Geilmann  and  Bode'"*  ! ’*  -%i-  - ' have  recently  compiled  extensive  in- 
formation nn  the  techniques  of  .separating  rhenium  from  the  hydrogen  sulfide 
group  and  other  metal  ions.  Some  of  the  methods  for  cation  removal  follow: 

(1)  Ag^ --Precipitate  as  a chloride  or  metal  from  basic  solution. 

(2)  Hg*^*- Precipitate  as  Hg  by  hydrogen  peroxide  from  basic 

solution,  or  by  reduction  with  hydrazine. 

(3)  Pb*^ -Separate  as  the  chromate,  thiocyanate,  or  thio- 
sulfate. 

(4)  -Remove  as  the  oxychloride  or  phosphate. 

(5)  Cu-  ^*- Precipitate  by  hydrogen  peroxide  from  basic  solution 
or  remove  by  electrolysis. 

(6)  Cd^ -Precipitate  by  8-hydroxyquinoline. 

(?)  As+^-Re  move  as  (NH^JjAsCbj'  3H£0. 

(8)  -Remove  with  thion&lide,  or  separate  the  r heni urn  by 
hydrogen  sulfide. 

(9)  S i’*2_^ - Separate  by  boiling  in  a buffered  acetate  solution. 

(Hi)  a.,+  1 vdth  sulfur  dioxide,  hydroquinone,  or 
oxalic,  acid. 

(11)  -Precipitate  with  oxime. 

(12)  Ge  ’ ^ -Separate  ms  Ms^GeO  ». 

( i H>  Se  • '-Remove  by  reducing  agents.  No!  usually  ha* rnsul. 

( 14)  Te+ 4 -Precipitate  with  hydrazine  and  sulfur  dioxide. 
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feyrovsky' s was  separate  from  the  discovery  claim  (which  was 


later  abrogated)  and  is  considered  fully  accurate, 


Electrolysis  and  spectroscopy  were  utilized  by  Schleicher l*40®/,  who 
electrcly z*--d  e volume  of  solution  with  a copper  wire  as  cathode.  The 

anode  was  & platinum  crucible  lid  which  contained  the  solution,  after  elec- 
trolysis the  residue  and  solution  were  evaporated  in  an  electric  arc  giving 
rhenium  snectral  lines. 


Summary 

Table  13  "Hats  a number  of  characteristic,  qualitative  reactions,  in- 
cluding spot  tests,  special  methods,  and  some  of  the  general  methods.  A 
few  reactions  not  discussed  in  the  text  are  also  reported.  Where  possible, 
the  test  is  e valuated. 

Many  of  the  qualitative  methods  presented  herein  are  either  inaccurate 
or  too  complicated.  However,  most  authors  agree  that  the  microscopic 
identification  of  crystals  is  a positive,  straightforward  method.  The  chemi- 
cal reactions  are  simple  and  few,  and  a permanent  pictorial  record  of  the 
crystals  can  readily  be  maintained. 


Quantitative  Analysis 


Chemical  Me tho d s 

The  first  significant  step  in  the  development  of  chemical  methods  of 
quantitative  analysis  was  taken  by  Geilmann  and  Voigt(86,  412)  in  1930  when 
they  applied  the  organic  base,  nitron  (l,  4-diphenyl- 3,  5-endo-anilino-4,  5- 
diphenyl-1,  2,  4-fria.zo!*).  formerly  used  for  determination  of  nitrates,  to 
the  analysis  of  per  r he  mate#.  Slightly  acid  potassium  perrhenate,  treated 
with  nitron,  fortsea  very  insoluble  precipitates  in  water  (Q„  18  mg/l)  and 
even  iesa  soluble  ones  in  the  presence  of  nitron  acetate.  The  rhenium  is 
normally  determined  gray  metrically  as  ar.d  can  be  recovered.  If 

molybdenum  »«  present,  it  interferes,  but  can  be  removed  with  8 -hydroxy- 
quinolme.  (dt3,4I4)  Many  methods!*!*-5)  for  the  quauiivativo  analysis  of 
rhenium  use  nitron  for  the  final  determination,  no  matter  what  the  prior 
step*.  Me  lave  o(3  3}.  however,  currently  producing  rhenium  metal  at  the 
university  of  Tennessee,  does  nut  recommend  nitron,  and  prefers  the  or- 
ganic precipjfv-te  tctxar*henyi  ar»o*uun«  chloride,  tc  be  discussed  below. 
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al ion  from  molybdenum  would  occur  in  that 
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claimed  that  treatment  of  perruenate  solutions  with  hydrogen  sulfide  undei 
pressure  produced  a slow  but  practically  quantitative  precipitation.  This 
was  done  only  with  difficulty.  Recently,  however,  it  has  been  shown  that 
rhenium  heptasulfide  is  appreciably  soluble  in  alkaline  sulfide  solutions, 
refuting  the  claim  of  Muller  and  LaLande .1^18) 


More  recently,  acid  sulfide  precipitations  have  been  carried  out  under 
pv&ssurc, *9)  Geilmann  and  co-workers^^)  summarized  sulfide  precipi- 
tations from  various  types  of  rhenium  solutions: 


Re+3  ..  Precipitate  from  0.05-1.  ON  hydrochloric  acid  solutions 
at  room  temperature.  A mixture  of  sulfides  results. 

R.C*4  - Stronger  acid  solutions  can  be  used.  Rhenium  disulfide 

precipitates. 

Re ~ Add  warm  ammonium  polysulfide,  then  add  acid.  If 

desired,  rhenium  of  other  valences  can  be  oxidized  to 
Re  ^ prior  to  precipitation.  However,  this  method  is 
considered  poor,  as  the  precipitation  may  be  sulfur 
contaminated. 

&e Any  _ Saturate  with  hydrogen  sulfide  at  room  temperature, 
then  heat  the  closed  flask  to  100  C,  Rhenium  sulfide 
will  precipitate  under  the  pressure  generated. 


Geilm&nn.  and  Bode{^l)  have  also  devised  a sodium  thiosulfate  type 
of  sulfide  precipitation.  Reduction  of  rhenium  sulfides  with  hydrogen  at 
elevated  temperatures  has  been  suggested,  1^2} 


Krn«»*  and  Stsinleld^4^”''  found  that  thallium  acetate, 
would  separate  insoluble  thallium  perrhenate  from  Re+  ? solution.  The 
tide ixiiiitation  was  gravimetric  amd  chlorides  interfered.  However,  thallium 
p&rrhcnste  is  soluble  in  cold  water  to  the  extent  of  i,  lb  g/l{264)  end,  on 


tiua  oasis,  the  method  cannot 
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rMori.Jf  was  j»aB*s»d.  through  the  perrhcnate*  sulfuric  acid  .suJu<  - .»u-.;.!i: 
u t upid  distiiidtiun.  ( _/4.  4 5,  j urthr.j*  developments  occ  ucrcii 
now  the  method  is  to  acidify  the  test  solution  with  nitric  and  hydr.i.-Morir 


428) 


is,  partially  evaporate,  treat  with  sulfuric  acid,  and  steam  distill,  i 


(Ad. 


Still  other  methods  have  been  reported  for  securing  a rhenium- 
molybdenum  separation.  Hoffmann  and  Lundell^4 reduced  the  molybdenum 
to  an  ether-soluble  complex  with  mercury  and  potassium  thiocyanate.  The 
ether  extract  was  used  to  determine  molybdenum.  Stannous  chloride  then 
reduced  the  rhenium  to  an  ether-soluble  state,  which  was  extracted  and  de- 
termined. Hurd  and  Hiskey(430)  varied  this  procedure  slightly  by  extracting 
molybdenum  and  rhenium  together  with  ether,  then  removing  the  rhenium 
by  distillation.  Geilmann  and  Bode(43 1>  432)  gtudied  these  ether  separation 
methods,  and  recommended  that  the  molybdenum  be  removed  by  8-hydroxy- 
quinoline.  In  this  case,  it  was  suggested  that  potassium  xanthate  be  added 
and  the  molybdenum  then  be  extracted  as  a molybdenum  xanthate  complex 
with  chloroform.  (4i4>  43<>>  432,  433) 

Melaven  and  Whelsel(434)  and  Geilmann  and  Bode(432)  suggested  that 
o-benzainoxime  be  substituted  for  8-hydroxyquinoline.  Melaven  had  also 
evaluated  the  foregoing  methods.  He  found  that  the  molybdenum  xanthate- 
chloroform  extraction  of  Hurd(430)  was  satisfactory  for  qualitative  but  not 
quantitative  work.  Ether  extraction  with  steam  distillation  was  satisfactory 
for  rhenium  determinations  in  manganese  ores,  but  not  in  molybdenite. 

The  mercury  reduction  method  of  Hoffmann  and  LundelP4^)  was  satisfactory, 
but  long  and  detailed. 


In  the  a - be  nzo  inoxime  method,  the  molybdenum  was  precipitated  from 
solution  with  the  reagent  and  separated  by  filtration,  leaving  rhenium  in 
solution.  Potassium  thiocyanate  and  stannous  chloride  were  added.  These 
caused  formation  of  a rhenium  thiocyanate  color  complex,  the  transmittance 
of  which  was  measured  with  a photoelectric  spectrophotometer  and  com- 
pared with  a blank,  thus  determining  the  rhenium  content.  The  method  is 
not  recommended  if  the  sample  contains  large  amounts  of  molybdenum. 


Willard  and  Smith(435)  found  that  tetranhenvl  arsonium  ion. 

(CfcHg^As'’’  , formed  the  complex  (C^Hj^AsReC^  with  perrhenates.  This 
is  a white,  crystalline  solid,  insoluble  in  cold  water.  From  0.43  to  133.0 
milligrams  c l IXsG^~  can  be  determined  gravimetricaily  in  a moderate  ex- 
cess of  the  reagent,  A petentiome trie -type  determination  can  be  substituted 
if  desired.  Precipitation  is  usually  carried  out  in  hot  sodium  chloride  so- 
lution. Nitrate  must  be  avoided,  but  molybdenum  does  not  interfere  if  a 
few  simple  precaution©  are  taken,  A few  other  ions  such  as  M11O4"  1 , 1-1, 
rig  • and  Sn’’2  interfere.  This  method  is  presently  used  and  recommended 
by  those^3)  working  on  rhenium  at  the  University  of  Tennessee.  However, 
consistently  low  results  were  at  first  obtained,  so  W.  Smith  and  L,ong(^60) 
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; i ij^  i !;t  ntuni  was  washed  with  water.  The 

;iii>ium  <>i  ..  3 uturated  solution  of  telraphonyl 
ashing,  ■-.vliieli  ronvctcil  this  difficulty, 
a.  1 ive  I'  re 1 1 1 Is  worker  in  rhenium  chemistry, 
sa  c iMilly  with  considerable  success. 


Another  organic  base  , odium  diethy Idilhu--  rnwnate,  has  also  been 
s ugge si #*d  as  a possible  re  age  :ii . Is’1/' 


After  separation  ei  the  eenmm  t.oo,  'n.terfi  .v  . ■ merits,  determi- 
mit iiui  may  be  accomplished  by  gravimetric  method:,  (..s  -move)  or  by 
volumetric  or  colorimetric  methods.  In  general,  colorimetric  methods 
seem  to  have  been  the  most  popular.  Color-prodm  mg  reducing  agents 
such  as  brominef^^^^)  or  stannous  chloride  wi  + h thi  ocy  nnate  s (4  431, 

433,4.16)  arc  reacted  with  the  unknown,  standards  are  prepared,  and 
measurements  taken  by  cunipa.  . on  in  Nessler  tunes.  :a  c entlv,  photo- 
electric spectrophotometers,  which  measure  the  t -ans  n . . t t.mcc  of  light, 
have  been  introduced.  (**  4 -4) 


Titration  methods  have  been  used  extensively  in  rhenium  determinations, 
but  recently  have  yielded  to  more  rapid  methods  such  as  the  colorimetric 
determinations.  Geilrnann  and  Hurd*44"’,  for  instance,  dissolved  the  lower 
oxides  of  rhenium  by  oxidation  with  perhydrol,  and  then  titrated  the  re- 
sultant perrhenic  acid  with  a base.  Although  this  method  of  oxidation  of  the 
lower  oxides  has  now  been  dec  lared  unreliable,  (44  0 ferric  sulfate,  potas- 
sium dichromate,  or  ccnc  sulfate  can  be  used  for  oxidation  purposes  if  de- 
sired. (442)  Exce  s s oxidir.er  may  be  titrated  with  permanganate.  Perrhenate* 
have  also  been  tit  rated  with  silver  nitrate,  using  potassium  chromate  as  an 
indicator.  (44  0 

Geilrnann  and  Hnrd^444)  found  it  possible  to  determine  chlororhenic 
Steid  in  the  presence  of  perrhenic  acid  with  tetron  {N . N^tetramethyl-o- 
tolldine)  which  precipitated  a wt  ighahle  complex  containing  Re*-4, 


Special  Method* 
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cftthedictliy  reduced  porrhenal#  ion  in  sulfuric  add  solution  causing  th® 
rhenium  to  deposit  completely  on  the  cathode;  it  was  then  oxidised  and  ti- 
trated, Voigtl44^)  varied  this  method  by  forming  cathodic  deposit*  from 
emmoniacal  solutions.  Mercury  served  as  the  cathode  and  war  distilled 
off,  leaving  a rhenium  residue  which  was  examined  polarogrsphic « ! iy . (447) 


This  polarographie  method  has  been  studied  extensively  by  Llngsne, 
Using  hydrochloric  or  perchloric  acid  aa  the  supporting  electrolyte,  the 
perrhenata  was  reduced  to  Re+*  at  the  dropping- mercury  cathode.  The 
diffusion  current  was  well  defined  and  directly  prop  .rtional  to  the  concen- 
tration oi  perrhenata  ton.  The  half- wave  potential  *n  4N  perchloric  acid  is 
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-0.4  v and  in  2N  and  4.2N  hydrochloric  ncid  is  -0.45  v and  -0,  3 1 v.  re- 
spectively, versus  the  standard  calomel  electrode.  A double  wave  was 
produced  in  neutral  unbuffered  potassium  chloride  solutions.  The  first 
part  of  this  wave  was  caused  by  a reduction  to  Re”*-,  and  the  second  part 
by  hydrogen  discharge.  In  a phosphate  buffer  of  pH  ?.  Re04~^  produced 
a catalytic  wave  at  -1.6  v. 


Polarograms  of  Re"1  solutions  in  1-2N  sulfuric  acid  at  zero  C showed 

frhvee  ariodir  waves  Their  half-wave  potentials  were  n n Q _ 54  y ft  0,34  V, 

y * 0.07  v.  A similar  polarogram  was  obtained  in  IN  perchloric  acid  with 
some  modifications,  including  separation  of  the  ft  -wave  into  two  components. 
In  each  medium  the  corresponding  waves  pertained  to  the  same  oxidation 
states.  The  a -wave  represented  oxidation  of  Re-1  to  Re+^,  the  ,8 '-wave  to 
Re4^,  the  (3"-wave  to  Re4^,  and  the  y -wave  to  Re47. 


Reduction  of  rhenium  in  alkaline,  neutral,  and  acid  solutions  were 
observed  by  Geyer(449),  who  found  that  six  steps  occurred.  The  steps  are 
listed  below.  Ceyer  recommends  that  Steps  (1),  (5),  and  (6)  are  analytically 
valuable . 


Step 


Acidity 


Potential,  volts  Characteristic  Reaction 


(1) 

Alkaline  to  weak  acid 

-0.  9 to  -1.5 

(2) 

Alkaline  to  weak  acid 

-1.  3 to  -1.  7 

(3) 

Normal  acidity 

0.  0 to  -0.  3 

(4) 

Normal  acidity 

-0.  5 to  +0.  9 

(5) 

High  acidity 

+0.4  to  +1.0 

(6) 

High  acidity 

-0.  1 to  -0. 3 

Re04“1 

Re 

Re+7 

Re 

Re+7 

Re+4 


HSlemann^^®)  found  that  hot  perrhenate  solutions  reduced  so  smoothly 
with  stannous  chloride  that  ReC)4~*  could  be  determined  potentiometrically. 
In  4N  HCIG4  and  2N  KC1,  these  perrhenate  reductions  have  been  found  to  be 
irreversible. 

The  catalytic  properties  of  rhenium  can  be  utilized  for  a semiquanti- 
tative  determination  a®  they  control  reduction  of  sodium  tellurate  by  stan- 
nous chloride to  tellurium  metal.  If  a protective  colloid  is  used,  the 
tellurium  will  remain  suspended  ia  solution  and  can  be  determined  1 ‘color  i- 
metrically"  to  give  & measure  of  the  rhenium  present.  The  accuracy  is 
only  about  10  to  20  per  cent. 

Analysis  of  rhenium  in  materials  such  as  meteorites  has  been  ac- 
complished by  irradiation  of  the  specimens  in  an  atomic  pile,  The 

substance  was  compared  with  a standard  and  the  relative  radioactivity 

gave  a measure  of  the  rhenium  present. 
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For  general  determinations  of  rhenium,  the  method  of  Willard  and 
G.  Smitih(439)  using  tetra.phenv.1  arsonium  chloride  is  recommended  and 
used  by  mosi  reseerditrs  today.  The  modification  of  W.  Smith  and  Long 
is,  of  course,  mandatory. 


iU 


CA  ~ O U Wt*  Si5/  tw  U htavBb  >1  ts 


numerous  co- worker 3)  present*  almost  a step -by -step  history  of  the  analyti- 
cs! chemistry  of  rhenium,  from  191°  to  the  present,  in  his  series,  "The 
Analytical  Chemistry  of  Rhenium".  There  are  no  less  than  20  section®  to 
this  splendid  serigg,  published  in  Germany  in  the  Z,  anorg.  allgem.  Chem, 
and  in  the  Z.  anal,  Cham, 


ELEC  TROPE  POSITION 


Hfllsmann^)  foreshadowed  successful  plating  of  rhenium  in  1933  when 
he  precipitated  pure  rhenium  metal  by  the  electrolygla  of  acid  solutiong  con- 
taining psrrhenate  and  fluoride  long.  He  claimed  both  high  current  and  high 
material  efficiency,  but  waa  unable  to  produce  a gatiefactory  plate.  A year 
later,  Fink  and  DerenC®®)  obtained  hard,  bright,  compact  deposit®  of  rhe- 
nium from  acid,  neutral,  and  alkaline  bathe,  by  controlling  the  pH  very 
carefully.  The  pH  value  depended  upon  the  electrolytes  (other  than  rhenium) 
present.  Plating  temperature  wae  important  and  can  be  considered  to  in- 
crease with  the  pH.  Four  bath*  are  given  as  examples  in  Table  14.  In 
addition  to  these,  an  oxalate  bath  of  pH  1.2  to  1.5  and  a sodium  bicarbonate  — 
ammonium  sulfate  bath  of  pH  7. 5 to  3. 5 were  developed. 

The  plate  obtained  waa  found  to  be  mirror  bright  if  deposited  on  a 
polished  surface.  It  was  highly  resistant  to  hydrochloric  acid  attack.  The 
rhenium  was  deposited  on  several  metals  such  as  brass,  copper,  and  tung- 
sten and  could  be  codepo sited  with  other  metals  such  as  nickel  and  cobalt, 
Lundell  and  Km»wles(284)  claimed  satisfactory  electrodeposition  of  rhenium 
from  dilute  sulfuric  acid  solutions  at  much  lower  current  densities,  i.  e, , 


Young^^2)  somewhat  disagreed  with  Fink  and  claimed  the  sulfuric 
acid  concentration  must  be  raised  t©  give  a bright  plate.  Yeung  could  not 
plate  rhodium  over  rhenium  but  found  that  if  he  flash-plated  rhodium  onto 
the  base  metal  first,  then  deposited  the  rhenium,  he  could  finally  plate 
rhodium  that  would  adhere  satisfactorily. 


Nether? on  and  Haiti &5)  also  reviewed  Fink8  s work,  particularly  with 
respect  to  current  efficiency.  They  found  that  the  CCS  (cathode-current 
efficiency)  w%s  generally'  quite  low.  Bath  No,  3 in  Table  14  was  recom 
wended  as  the  must  s< 
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TAB  UK  14,  FOUR  RHENIUM-PLATING  RAl'HS  SlKKiESTEn 
BY  FINK  AND  DEREN 


Bath 

No. 

IV  r j'  hr  ua ! i ^ 

i ith«‘r 

V*  i v v : •'* «i  y it*  s 

V 

\ « i 1 j » 
f 

( ’ \ i r r »■  nt 
i • i • 1 1 l ! y , 

j 

K w.-o  . 

n s,.  i 

n .so. 

— A 

» 4 .•  / 1 

(Sp.  gr.  1.84) 

(i.  *» 

1 - 1 * » 

I0M 

2 

HRe04 

20  g/1 

h2so4 
5 g/l 

(Sp.  gr.  1.84) 

0.7-1 . 2 

25-30 

10-15 

3 

KRe04 
10-15  g/l 

h2so4 

90  g/l 

(Sp.  gr.  1.84) 

o 

o 

' 1 

o 

O0 

• 

o 

25-45 

10-16 

nh4oh 

100  cc 
(28%  NH3) 

4 

KRe°4 
12  g/l 

h3po4 

48  g/l 

(Sp.  gr.  1.7) 

2.  1 

80-90 

13-17 

Na2HP04 
66  g/l 

at  7C  C was  used,  the  CCE  was  15  per  cent.  These  authors  also  developed 
an  ammonlacal  citrate  bath,  found  to  be  the  best  for  thin  plates.  The  rhe- 
nium deposits  tarnished  in  air  but  possessed  good  resistance  to  hydro- 
chloric and  sulfuric  acids. 

Recently  these  authors^^>  £48)  investigated  the  conditions  for  co- 
deposition  of  ether  metals  with  rhenium,  using  nickel,  cobalt,  and  iron. 
Ammoniac  al  citrate  baths  were  most  commonly  utilized.  Compositions  of 
the  moat  successful  baths  are  recorded  in  Table  15.  pH  variations  markedly 
affected  the  alloy  composition  and  were  carefully  controlled.  The  corrosion 
resistance  of  the  alloys  plated  was  evaluated  and  is  reported  in  the  Corrosion 
Resistance  section  of  this  report. 
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TABLE  15,  PLATING  BATHS  FOR  THE  CODEPOSITION  OF  NICKEL, 
COBALT,  OR  IRON  WITH  RHENIUM  AS  RECOMMENDED 
BY  NETHERTON  AND  HOLT 


i 'h  y 5 1 a 1 ■; - £ i c a J Effei  t3 


Rhenium  has  no  effect  on  the  blood  pressure  of  rats  and  has  no  hemo- 
poietic action.  (454)  Radioactive  rhenium  was  found  to  concentrate  in  the 
thyroid,  but  practically  all  of  it  was  excreted  through  the  urine  within  two 
u»ys  * 


Butanological  Properties 


Druce(^-^  reported  that  cress  seedlings  watered  with  a 0.  1 per  cent 
solution  of  potassium  perrhenate  did  not  grow  quite  as  well  as  the  control 
seedlings  watered  with  rain  water,  but  the  rhenium- watered  seedlings  grew 
better  than  those  watered  with  a 0.  1 per  cent  solution  of  potassium  per- 
manganate. Geraniums  watered  with  perrhenate  solutions  cast  off  leaves 
that  were  found  to  contain  rhenium,  and  specimens  of  mullein  (Verbascum 
thapsus)  were  found  to  do  poorly,  compared  with  the  control  plants  when 
treated  similarly. 


USES  OF  RHENIUM 


Rhenium,  to  date  notably  a rare  and  expensive  metal,  has  found  use 
only  in  such  specialized  applications  as  catalysis,  thermometry,  and  pen- 
point  alloys.  It  is  in  great  part  due  to  prospective  catalytic  properties  that 
the  chemistry  of  rhenium  has  been  so  well  developed.  Metallurgical  ap- 
plications have  remained  in  the  background,  probably  due  to  lack  of  cheap 
massive  metal,  and  the  pa\*city  of  information  on  rhenium' s metallurgical 
properties  bear  this  fact  out.  Electronic  and  lamp  applications  of  rhenium 
have  been  slow  in  development  also,  but  show  great  future  promise. 

The  general  situation  may  be  well  summed  up  by  the  words  of  Ida  and 
Walter  Nodd*ck(24),  discoverers  of  rhenium  and  still  active  in  its  chemistry 
"Rhenium  can  never  be  made  into  massive  articles  in  industry,  but  it  will 
find  application  where  it  possesses  a singular  property  of  special  value, 
as  in  the  case  of  the  platinum  metals". 


and  Present  Applications 


Catalysis 


Rhepium  wap  first  suggested  for  catalytic  a 1 use  in  1929  by  the 
Ncddackfi' 4b\?;  for  oxidation  processes.  Free  or  comhirsed  rhenium  on 
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a tungsten  and  quartz  carrier  promoted  oxidation  of  sulfites  to  sullatrs, 
nitrites  to  nitrates,  ami  a.ii line  to  aniline  black.  The  heats  of  formation  of 
rhenium  oxides  are  small,  so  rhenium  iu  a good  oxygen  transmitter.  Oxi- 
dation of  ammonia^^)  was  conducted  utilizing  a rhenium-platinum  alloy  or 
rhenium  plated  on  platinum.  These  catalysts  were  all  in  the  form  of  gauze. 

Other  investigators,  meanwhile,  found  rhi'inmn  valuable  for  destructive 
ami  constructive  hydrogenation,  the  refinement  <<:  ...iti-knock  fuels,  and  de - 
sulfurization.  (469,  460,  461 ) Shortly,  An  is  imov,  Krasheninnikova,  and 
Platonov(4b4,  ^00,  401/^  who  commenced  a scileS  of  articles  cn  the  catalytic 
properties  of  rhenium,  claimed  that  rhenium  was  poor  for  hydrogenation 
and  oxidation,  but  an  effective  dehydrogenation  agent.  In  the  dehydrogenation 
of  ethanol  to  acetaldehyde,  maximum  yields  of  about  12  per  cent  occurred  at 
300  and  600  C,  with  a minimum  yield  at  400  C.  Propanol  gave  20  per  cent 
propionaldehyde  at  400  C.  The  propionaldehyde  formed  was  practically  un- 
decomposed and  the  propanol  was  not  dehydrated.  Much  better  results  were 
obtained  in  the  dehydrogenation  of  isopropanol  to  acetone.  At  400  C the  yield 
was  a maximum  of  85  per  cent.  Chloroform  was  also  produced  .^y  the  cata- 
lytic action  of  rhenium  at  this  time.  (465)  Finely  divided  rhenium  metal 
failed  to  hydrogenate  either  maleic  acid  or  cyclohexene  effectively,  but  if 
the  metal  was  prepared  by  hydrogen  reduction  of  ammonium  perrhenate, 
catalytic  action  was  improved  for  all  uses,  including  both  hydrogenation  and 
dehydrogenation.  (466,  467)  However,  a copper-rhenium  catalyst  was  just  as 
effective  as  rhenium  alone  and  considerably  less  expensive. 

The  Russians  continued  their  work  on  a wide  scope  and  carried  out  a 
number  of  additional  organic  reactions  by  rhenium  catalysis,  a summation 
of  which  is  given  in  Table  16,  Eventually  their  best  rhenium-metal  catalyst 
was  prepared  by  dissolving  the  rhenium  metal  in  nitric  acid,  neutralizing 
with  ammonium  hydroxide,  and  then  evaporating  to  dryness.  This  product 
was  reduced  in  hydrogen  for  1 to  2 hours  at  150  to  170  C,  1 hour  at  170  to 
250  C,  2 hours  at  400  C,  and  a final  2 hours  at  400  C.  (473) 

Colloidal  rhenium  catalysts  are  considered  the  best  rhenium  catalysts 
at  the  present  time.  (474)  Zenghelis  and  Stathis(475,  476)  prepared  catalytic 
rhenium  in  a colloidal  form  by  treating  potassium  perrhenate  with  protal- 
hinic  acid  and  chloroform,  or  by  treating  potassium  rhenium  chloride  with 
gum  arable,  hydrazine,  and  formaldehyde.  The  colloidal  solution  catalyzed 
the  decomposition  of  hydrogen  peroxide  and  hydrogenated  maleic  acid. 

These  authors (47 7)  mjso  moistened  rhenium  metal  with  sulfuric  acid  and 
found  it  possible  to  synthesize  ammonia  from  its  elements  thereby.  The 
decomposition  of  ammonia  over  rhenium  has  also  been  studied,  (478)  How- 
ever, Zenghelis  and  Stathis  evaluated  rhenium  a a a catalyst  and  found  it 
just  fair,  compared  with  ruthenium,  palladium,  and  platinum. 

Rhenium  can  be  alloyed  with  these  and  other  elements  to  form  effective 
•jafalyticai  alloy*?.  (479)  The  metal  or  its  compounds  can  also  be  adsorbed 
on  powdered,  activated  charcoal  or  coal.  In  the  latter  state  it  was  claimed 
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TABLE  16.  THE  EFFECT  OF  RHENIUM  CATALYSTS  ON  A FEW  ORGANIC  REACTIONS 
(Compiled  from  the  data  of  Aniaimov,  Krashemikova,  and  Plafconou) 
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to  be  valuable  for  hydrogenation,  desulfurization,  or  conversion  of  phenols, 
cresols,  etc. , organics  commonly  found  in  coal  tar  and  mineral  oil,.  (^§0) 

Recently!  Tribalat^®^)  catalysed  the  following  reductions  with  per- 
rhenat*  ion  so  that  they  occurred  quantitatively.  The  oxidation  potentials 
for  these  reactions  are  listed  below,  but  the  abstract  consulted  did  not 
indicate  the  products  formed. 

Reduction  Oxidation  Potential,  v 


no3-! 

(by  SnCl2) 

i.  05 

(by  FcSD4) 

1.00 

N03-‘ 

(by  HAbC3) 

1.03 

hno2 

(by  SnCl2) 

1.29 

nh2oh 

(by  SnCl2) 

1.35 

hno2 

(by  NH4OH) 

-0.  05 

hno2 

(by  N2H4) 

-1.  87 

If  the  evaluation  of  Zenghelis  and  Stathis  is  correct,  rhenium  is  not 
of  great  worth  as  a catalyst.  At  the  present  time  its  price  does  not  compare 
favorably  with  certain  other  metals  more  commonly  used  for  these  purposes. 
Rhenium  evidently  is  effective  catalytic  ally,  but  so  are  many  other  metals 
and  materials.  Rhenium  is  not  unique  as  a catalyst,  but  merely  good. 


Thermocouples 

Rhenium  was  early  recommendcd^^^  as  a replacement  for  rhodium 
in  rhodium-platinum  thermocouples.  Three  to  fifteen  per  cent  rhenium  was 
suggested,  and  it  was  also  found  that  three  or  more  per  cent  rhenium  pre- 
v<Buts  britticnc  o s i uit  a f h»lw(482)  &nd  Goedecke(^&3)  extensively 
investigated  the  properties  of  rhenium  for  thermoelectric  use.  Rhenium 
produced  a potential  three  times  as  great  as  rhodium  when  equal  percentages 
of  each  were  tested  as  platinum  alloys  against  pure  platinum.  The  com- 
parison is  shown  in  figure  13,  Characteristics  of  the  couple c Pt8Re / ^*1 
and  Pt4.  *'Rr5Rh/X‘t  are  plotted  in  Figure  14.  These  couples  produced 
voltages  as  high  as  those  of  Chromel-Alurr.el  couples.  More  recent  liter#- 
ture^^)  indicated  use  of  a Pt5.  4Re3.  5Rh/Pfc  couple  in  Germany,  The 
couple  ir/60Re.40Ir  produced  a remarkably  straight  characteristic  curve 
(Figure  IB). 
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FIGURE  13.  EMF  PRODUCED  BY  ADDITION  OF  VARIOUS 
ALLOYING  ELEMENTS  TO  PLATINUM  IN 
ALLOY -PLATINUM  VERSUS  PLATINUM 
THERMOCOUPLES  AT  1200 C 
SchuLe1482* 


FIGURE  14.  EMF  PRODUCED  BY  PLATINUM  ALLOY 
THERMOCOUPLES 
$chuiit^4®g* 
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FIGURE  15.  CHARACTERISTICS  OF  IRIDIUM -RHODIUM- 
RHENIUM  THERMOCOUPLES 


SchulJt***** 


A-  4012 


Due  to  these  properties,  attempts  were  made  to  replace  at  least  part 
of  the  critical  rhodium  in  platinum- rhodium  couples  with  rhenium  in  German 
thermocouple  wires.  ^4)  However,  it  was  claimed^'**)  that  excessive 
volatilisation  of  the  rhenium  above  1000  to  1100  C (a  result  of  oxidation 
followed  by  volatilization  of  the  oxide)  caused  changes  in  the  thermocouple 
emf,  precluding  the  use  of  rhenium  above  this  temperature.  The  Pt8Re/Pt 
couple  definitely  did  this,  but  Goedecke  claimed  that  the  Pt4.  5Re5Rh  wire 
did  not. 

Some  reports'-*)  stated  that  rhenium  ikeriuucuupics*  (alloys  unspeci- 
fied) were  good  up  to  1900  C and  for  long  time  periods.  Goedecke  and 
Schulze  did  specify  the  alloy:  if  was  Rh8Re/Rh  and  possessed  an  emf  of 
7.2  mv  at  that  temperature.  If  volatilization  occurs:,  this  high-temperature 
usability  is  questionable,  but  the  presence  of  a neutral  atmosphere  would 
eliminate  all  trouble. 


Contact  Materials 

Several  patents  have  been  issued^*!  j £44, 484)  for  rhenium -containing 
electrical  contact  alloys,  previously  mentioned  in  the  metallurgical  section 
fvX'this  review.  In  general,  rhenium  comprised  about  10  per  cent  of  the 

BAT  TELLE  MEMORIAL  INSTITUTE 


= 110- 


composition;  the  balance  consisted  of  about  1 to  20  parts  molybdenum  or 
vanadium  and  the  remainder  tungsten.  These  materials  could  be  prepared 
by  powder -metallurgy  techniques  end  very  fine-grained  hard  compacts  with 
melting  points  over  2900  C resulted.  They  were  excellent  for  make-and- 
bre&k  contort «.  due  to  innate  toughn.es 3 and  low  electrode  emissivity.  Ac- 
cording to  Weiger^®^)  there  was  little  tendency  for  arcings  pitting,  oxidation. 
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purities did  not  interfere  with  their  properties.  They  were  also  valuable  as 
refractoiy  bases  suitable  for  i impregnation  with  copper,  silver,  or  gold. 


The  Noddacks(24)  explained  that  the  excellency  of  rhenium  for  make  - 
and-break  contact  alloys  is  a result  of  oxygen  absorption  by  the  reduced 
metal.  The  oxygen  combines  with  rhenium  to  form  lower  oxides  which  are 
good  conductors  and  can  be  thermally  decomposed. 


l^ear-Resistant  Alloys 

Several  alloys  of  rhenium  possessing  high  wear  resistance  have  been 
developed  in  Germany.  246)  Their  primary  use  has  been  to  replace  the 

alloys  containing  osmium  formerly  used  for  pen  points.  Several  typical 

compositions  have  been  recorded  in  the  section  under  alloys.  The  rhenium 
content  varied  widely,  but  in  most  of  the  alloys  it  was  present  from  50  to 
99  per  cent.  Many  other  metals  were  contained  in  the  compositions,  the 
most  prevalent  being  tungsten,  nickel,  cobalt,  molybdenum,  and  platinum. 
These  alloys  were  usually  prepared  by  powder-metallurgy  methods,  crushed, 
seived,  and  hand-tweeter  picked  for  suitable  pen  points.  Far  more  worth- 
while uses  for  rhenium  than  in  wear-resistant  types  of  alloys  for  pen  points 
have  been  suggested,  but  evidently  not  yet  applied.  These  will  be  discussed 
below. 


Lamp  Filaments 

Since  rhenium  has  been  found  to  be  readily  deposited  on  tungsten  fila- 
ments by  the  halide -thermal-decomposition  processes,  early  suggestions 
were  turlhcoming  for  its  use  »«  a lamp  filament.  (486)  The  NoddacksH®?) 
found  that  rhenium  volatilised  less  in  vacuo  than  tungsten  and  thus  could  be 
need  up  to  2550  C.  They  also  suggested^®®)  forming  filaments  by  working 
up  rhenium  and  ammonium  perrhenate  into  a plastic  mass,  forcing  it 
through  nozzles  or  dies  ag  a filament,  «uu  finally  reducing  the  perrhenate 
binder  in  the  resultant  filament  with  hydrogen. 

Agte^^S)  recalled  that  attempts  to  coat  tantalum  carbide  on  a tungsten 
wire  base  were  unsuccessful.  Tantalum  carbide  is  a better  filament  mate- 
rial than  tungsten,  but  inure  brittle.  The  filaments  were  unsuccessful  be- 
cause the  tungsten  core  became  carburized  and  the  tantalum  carbide  lost  its 
fine  filament  properties.  Agte  claimed  that  rhenium  formed  no  carbides 
(.Which  is  not  wholly  accurate)  so  he  developed  » layer  of  tor.tc.lum  carbide 
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en  a rhenium  instead  of  a tungsten  core.  I4o  diffusion  of  carbon  occurred 
and  the  carbide  was  properly  active.  The  carbide  could  also  be  prepared 
effectively  on  rhenium-alley  cores,  or  on  tungsten  cores  first  coated  with 
a layer  of  rhenium.  In  all  cases,  tantalum  was  vapor  deposited  as  the 
final  coating,  then  carburized  in  methane. 

Photograph i c.  E mulsiut is 

Halide  salts  of  rhenium,  of  in.  type  R^Re^'  (where  R is  a metal  and 
X is  a halide),  were  found  to  be  excellent  fog  inhibitors.  (4B9)  fog  in- 
hibitor of  this  type  was  added  to  the  emulsion  after  final  digestion  or  follow- 
ing the  after- ripening  during  preparation  of  the  plate.  A time  lag  after 
processing  improved  the  fog-inhibiting  properties. 

Potential  Uses  for  Rhenium 


Facts  and  data  show  that  rhenium  has  been  used  but  little  to  date.  The 
literature  seems  to  indicate  that  a low  German  production  of  about  2 to  400 
pounds  a year  for  10  to  12  years  (time  period  estimated)  after  1930  probably 
went  to  three  sources:  (1)  research,  (2)  thermocouples,  and  (3)  pen  points. 
The  first  source  undoubtedly  took  the  lion' s share.  The  other  uses  so  far 
suggested  for  rhenium  have  been  largely  confined  to  experimental  applica- 
tions. U.  S.  production  from  the  University  of  Tennessee(33)  in  the  main 
part  has  been  sent  to  universities  and  institutions  for  research.  In  the 
Western  World  today,  rhenium  is  99  per  cent  a laboratory  metal. 

This  situation  should  not  last  much  longer.  So  far,  its  development 
has  bean  retarded  by  the  exceedingly  high  price,  its  scarcity,  and  a lack 
of  knowledge  about  soms  of  its  very  interesting  properties.  It  appears,  for 
instance,  that  rhenium  should  be  able  to  do  most  of  the  things  tungsten  does 
in  electron  tubes,  and  should  be  able  to  do  some  of  them  better.  Other 
possible  uses  are  also  known,  but  all  applications,  including  the  electronic 
ones,  must  stand  on  a firmer  foundation  of  physical,  metallurgical,  and 
electronic  knowledge  than  is  presently  available.  Simultaneously  with  the 
advent  of  this  information,  the  potential  U#«w  Of  rhenium  will  have  crystal- 
limed,  and  with  utility  and  markets  for  ths  metal  in  sight,  the  present  ex- 
cessively high  cost  will  be  reduced, 

The  following  is  a discussion  of  some  of  the  possible  future  uses  of 
rhenium. 
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Elect  runic  Uses 


Physical  and  Electrical  Properties  for  Electron-Tube  Applications, 
Rhenium  has  several  properties  which  indicate  that  it  would  be  more  de- 
sirable for  certain  electron-tube  applications  than  tungsten  or  other  metals. 
The  melting  point  of  rhenium  has  been  generally  ousted  to  be  3440  ± 

60  K.  0 18)  Evidence  from  the  literature  indicate-,  fh.it  the  resistance  of 
rhenium  to  attack  by  residual  gase c-  in  evacuated  containers  is  much  greater 
than  that  of  tungsten.  (88)  These  properties  would  be  a very  important  factor 
in  increasing  the  life  of  electron-tube  heaters. 

Rhenium  is  more  ductile  after  being  heated  to  high  temperatures  than 
tungsten.  (91,94)  This  p 

roperty  would  give  a filament  constructed  from 
rhenium  greater  resistance  against  mechanical  shock  than  the  usual  tungsten 
filament.  The  electrical  resistivity  is  about  four  times  that  of  tungsten.  (^0) 
This  would  permit  filaments  of  rhenium  to  be  constructed  with  a larger  cross 
section  than  tungsten  filaments  but  with  no  change  in  the  total  resistance  of 
the  filament.  The  larger  cross  section  of  a rhenium  filament  would  give 
added  ruggedness  to  the  filament,  while  the  higher  resistivity  would  permit 
use  of  the  same  voltage  source  for  heater  power  which  is  required  for  a 
tungsten  filament  with  a smaller  cross  section. 

The  spectral  emissivity  of  rhenium  has  been  reported  to  be  about 
0.  366.  (**9)  phis  would  make  the  use  of  pure  rhenium  as  an  anode  material 
in  high-power  tubes  undesirable  since  other  materials  would  dissipate  more 
heat  by  radiation. 

Application  of  Rhenium  for  Electron-Tube  Heaters.  The  cathodes  in 
vacuum  tubes  may  be  classified  as  directly  heated  and  indirectly  heated 
cathodes.  The  directly  heated  cathode  is,  as  the  name  implies,  a cathode 
whose  emitting  surface  is  heated  by  the  passage  of  the  heater  current 
directly  through  the  emitter  material.  The  indirectly  heated  cathode  is  one  in 
which  the  emitter  material  is  coated  on  a sleeve,  or  cap,  which  encloses 
the  heater  element.  The  sleeve,  or  cap,  is  heated  indirectly  by  radiation 
and  conduction  from  the  heater  clement.  As  a rule,  the  directly  heated 
type  cathode  is  U3e d in  tubes  where  the  power  and/or  voltage  requirements 
are  very  high.  They  are  also  employed  in  battery-operated  tubes  in  which 
it  is  desired  to  employ  the  minimum  amount  of  power  to  heat  the  filament. 

The  indirectly  heated  cathodes  are  used  where  the  pw’~r  requirements  are 
not  unusually  high  and  where  efficiency  is  fairly  important. 

The  materials  which  are  most  commonly  employed  in  directly  heated 
cathodes  are  tungsten  and  thoriated  tungsten.  It  appears  that  pure  rhenium 
may  be  as  good  as,  or  better  than,  tungsten  as  an  electron  emitter.  If  it  is 
a comparable  emitter,  rhenium  should  be  considered  as  a replacement  for 
tungsten  for  directly  heated  caniutie  s,  Rfivniiini  c athodes  are  particularly 
interesting  since  they  may  be  saleiy  operated  at  a temperature  higher  than 
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tungsten  with  tin  more  vv.ip., r.it  tun  of  material,  as  a result  of  the  lower 
vapor  pressure  of  rhenium.  Deterioration  of  the  cathode  is  from  evapora- 
tion, sputtering  by  residual  gases,  anti  chemiial  attack.  Operation  at 
higher  tempo  rat  ore  s would  also  increase  the  total  emission  current  from 
the  cathode. 


With  directly  heated  t ad, odes,  a larger  dium  ter  of  rhenium  cathode 
of  a given  length  will  have  tin-  same  resistance  ,s  smaller  diameter  cath- 
ode c.  tungsten.  This  requi  res  a basic  redesign  ns  the  s which  employ 
directly  heated  cathodes  in  order  for  the  desired  operating  temperature  to 
be  obtained  from  a balance  between  tne  radiated  energy  and  the  energy  in- 
put from  the  filament  supply. 

A possible  application  for  a directly  heated  rhenium  cathode  might  be 
in  filament  X-ray  tubes  which  are  employed  for  X-ray  analysis.  In  this 
type  of  tube,  the  evaporation  u.f  tungsten  poses  a serious  problem.  When 
the  target  of  the  X-ray  tube  becomes  coated  with  evaporated  tungsten,  the 
X-ray  diffraction  lines  of  tungsten  appear  in  the  diffraction  patterns.  These 
lines  seriously  interfere  with  the  interpretation  of  the  analyses.  Since  rhe- 
nium is  reported  not  to  deposit  to  any  great  degree  on  the  walls  of  tubes  in 
which  it  is  heated,  this  problem  would  be  minimised  by  the  use  of  rhenium 
filaments. 

The  possibility  of  the  use  of  rhenium  for  application  in  indirectly 
heated  cathodes  la  fairly  good.  The  physical  and  electrical  properties  of 
rhenium  indicate  promise  as  a heater  for  this  type  of  cathode.  Since  the 
resistivity  in  ohm-cm  of  rhenium  it  higher  than  that  of  tungsten,  a filament 
for  operation  on  the  same  voltage  would  have  a larger  cross  section,  and 
consequently  be  more  resistant  to  shock  and  vibration.  The  increased 
cross  section  and  the  ductility  of  rhenium  would  give  added  ruggedness  to 
the  heater.  The  low  volatility  and  resistance  to  aliatk  by  residual  gases  of 
rhenium  should  increase  the  life  of  a rhenium  healer  over  that  of  tungsten. 

It  is  also  probable  that  the  possibility  of  contamination  of  the  emitting  sur- 
face of  the  cathode  by  evaporation  or  migration  of  the  heater  material  to 
the  cathode»emitting  material  would  be  minimized  by  the  use  of  rhenium  as 
a heater  element. 


Thoriated  Rhenium  Emitters,  In  high-voltage  tubes  which  require 
large  emission  currents,  thoriated  tungsten  is  visually  employed.  Since 
this  cathode  is  seriously  damaged  by  positive-ion  bombardment,  it  is 
limited  to  application  in  tubes  having  operating  potentials  of  less  than  about 
10,  000  volts. 


Tungsten  is  thoriated  by  adding  a small  amount  of  thorium  oxide  to 
the  tungsten  before  it  is  drawn  into  the  desired  size  of  wire.  The  cathode 
formed  from  the  wi re  i : flashed  at  a high  temperature  to  reduce  the  thorium 
^-.iuc  to  il.c  metal.  The  cathode  is  activated  by  operating  at  a temperature 
vfeasith  allows  the  thorium  metal  to  diffuse  to  the  surface  of  the  tungsten  wire 
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more  rapidly  than  it  is  evaporated.  This  permits  the  formation  of  patches 
of  thorium  on  the  surface  of  the  cathode.  The  operating  temperature  is 
maintained  at  a value  which  permits  the  thorium  that  is  evaporated  to  be 
replaced  by  diffusion  of  thorium  to  the  surface  of  the  cathode. 

Several  factors  are  involved  in  tlie  preparation  o£  a tlioniated  THeninTn 
emitter.  The  success  of  such  an  emitter  would  depend  largely  upon  the  rate 
of  diffusion  of  thorium  to  the  surface  of  rhenium.  If  the  rate  of  diffusion 
were  too  low,  then,  patches  of  thorium  could  not  be  maintained  on  the  surface 
of  the  rhenium.  There  are  reports,  however,  that  thoriated  rhenium  emit- 
ters have  been  constructed  and  have  promising  operating  characteristics. 
The  possibilities  of  a thoriated  rhenium  emitter  warrant  investigation, 
since  thoriated  tungsten  emits  about  1000  times  as  much  current  as  is  ob- 
tained from  pure  tungsten.  The  mechanical  properties  of  rhenium  are  such 
that  thoriated  rhenium  should  be  more  rugged  than  thoriated  tungsten. 


Use  of  Rhenium  in  Electron-Tube  Elements  Other  Than  Heaters.  On 
the  basis  of  the  indicated  physical,  electrical,  and  mechanical  properties 
of  rhenium,  it  appears  to  be  promising  for  other  elements  in  vacuum  tubes 
in  addition  to  cathodes.  Since  the  other  components  are  either  grids  or 
plates,  the  requirements  for  each  will  be  considered  with  respect  to  the 
characteristics  of  rhenium. 

The  materials  which  are  employed  as  anodes  for  high-power  tubes 
must  be  capable  of  dissipating  the  heat  which  they  receive  as  a result  of 
the  current  flowing  through  the  tube.  This  heat  is  dissipated  almost  en- 
tirely by  radiation  from  the  anode  surface.  For  the  dissipation  of  the 
same  energy,  the  anode  material  with  the  spectral  emissivity  nearest  1 
will  be  the  coolest.  Anodes  are  often  coated  on  the  outer  surface  with  some 
material  which  approaches  1.  The  spectral  emissivity  of  0.  366,  which  has 
been  reported  for  rhenium^  ^),  indicates  that  this  metal  would  not  oe  a 
good  heat  radiator.  The  high  melting  point  and  ductility  do,  however,  not 
exclude  the  possibility  of  using  rhenium  for  such  an  application.  If  em- 
ployed, the  outside  surface  would  probably  increase  the  emissivity,  and 
consequently,  increase  the  radiation  of  heat.  The  only  advantage  of  coated 
rhenium  over  other  refractory  metals  would  be  its  strength  at  high  tempera- 
tures. This  does  not  appear  too  important  for  most  applications. 

As  a grid  material  for  electron  tubes,  rhenium  appears  to  be  little 
better  than  materials  which  are  now  in  use.  The  material  from  which  grids 
are  constructed  should  have  a low  secondary-electron  emission  coefficient 
in  order  to  reduce  the  grid  current.  For  high-power  tubes,  the  grid  mate- 
rial must  be  physically  strong  and  should  have  a low  rate  of  sputtering  under 
ion  bombardment.  The  secondary-emission  yield  of  rhenium  is  1.  30,  which 
is  only  slightly  less  than  the  I,  38  reported  for  tungsten.  Since  the  aecondary- 
pmission  coefficient  for  all  metals  in  this  atomic  weight  range  is  about  the 
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standpoint.  The  secondary  emission  from  grid  wires  is  frequently  reduced 
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by  coating  the  metal  which  forms  the  grid  structure  with  gold,  or  nickel. 

As  a rule,  the  wires  of  the  grid  structure  are  of  tungsten  when  high  power 
is  involved.  The  objective  is  to  obtain  strength  at  high  temperatures,  in 
low-power  tubes,  the  grid  is  usually  m®de  of  nickel,  which  is  easier  to 
fabricate  and  hag  a low  secondary-electron  emission  coefficient.  It  is 
possible  that  rhenium  would  fulfill  most  of  the  requirement#  for  s go©d  grid 
material*  particularly  in  high  -power  tube*.  Leritmiiy  it  would  ccrr.pets 
with  tungsten  since  it  is  believed  to  have  a lower  vapor  pressure  and  a 
higher  resistance  to  attack  by  residual  gases. 


Powdered  Rhenium  in  Cermet-Type  Heaters.  In  the  past  few  years, 
work  has  been  carried  on  in  the  development  of  cermet  cathodes.  Cermets 
are  mixture®  of  a metal  and  refractory  insulating  materials,  which  ar®  first 
pressed  to  shape  and  then  sintered.  Cermets  for  cathodes  contain  just 
enough  metal  to  give  the  cermet  the  desired  electrical  conductivity,  sine® 
an  excess  of  metal  reduces  the  electrical  resistance  and  increases  the  danger 
of  cracking  on  repeated  heating  and  cooling  cycles.  The  cermet  cathode  is 
heated  by  passing  current  through  it.  The  materials  for  cermets  on  which 
the  most  work  has  been  performed  are  tungsten,  or  molybdenum  mixed  with 
thorium  oxide.  In  1950,  G.  A.  Espersen  made  some  tests  on  a cermet 
composed  of  rhenium  and  thorium  oxide.  ^^0)  The  emission  constants 
which  were  determined  for  the  rhenium  and  thorium  oxide  cermets  were  a 
work  function  of  2,83  electron-volts  when  the  Richardson  constant  was  11.7 
amp  cm'^  K”^.  The  emission  current  which  wae  obtained  from  the  rhenium 
and  thoria  cermet  was  about  twice  that  obtained  from  a similar  cermet 
formed  from  tungsten  and  thoria.  It  was  also  reported  that  there  was  lees 
deposit  on  the  glass  bulb  after  150  hours  of  life  test  at  2040  K from  the 
rhenium  and  thoria  cermet  than  from  the  tungsten  and  thoria  cermet. 

Although  the  cermet-type  cathode  is  not  in  general  use  in  electron 
tubes  at  the  present  time,  it  appears  that  it  will  find  widespread  use  in 
applications  where  a high-power,  rugged  cathode  is  needed.  It  appears 
that  rhenium  is  adaptable  for  the  construction  of  cermets  of  promising 
materials.  From  the  available  data  it  appears  that  rhenium  will  be  even 
better  than  tungsten  for  this  application. 


.Lamp  Filaments 

Numerous  suggestions^?,  473,  486,  487)  indicate  the  possible  use  of 
rhenium  for  incandescent  lamp  filaments.  Undoubtedly,  rhenium  would  be 
excellent  in  this  application.  It  can  be  operated  at  higher  filament  tempera- 
tures, should  be  stronger  than  tungsten,  and  does  not  enter  into  the  del- 
eterious water  cycle  as  does  tungsten.,  DruceH'll)  has  never  heard  of  or 
seen  incandescent  lamp  bulbs  with  rhenium  filaments  on  the  open  market, 
so  the  field  is  evidently  virgin.  Patents  developed  to  cover  this  property 
were  drawn  in  the  eai  lv  1Q301  ».  so  it  is  probable  that  they  have  nc-v 
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expired  or  a re  about  to  expire.  Probably  the  only  rpasons  for  lack  of 
rtatuium  filasncsit::  on  the  ?r?  their  scarcity  and  high  price. 

High-  Temperature  Construction  Material 

Rhenium  should  possess  excellent  high- tempo  raiure  st.rm-i.ur«ii  prop- 
erties. It  has  a melting  point  almost  as  high  as  tungsten,  and  it  probably 
uurs  not  become  as  embrittled  ?«  does  tungsten.  Rhenium  or  rhenium 
alloys  might  be  used  above  2500  C if  protected  from  oxidation,  and  Arend(492) 
has  suggested  it  for  use  in  air  craft- mo  unted  gas  turbines.  However,  it  is 
probable  that  high  cost  and  low  production  volume  of  rhenium  preclude  large- 
scale  use  of  the  massive  metal,  but  for  certain  critical  applications,  uti- 
lising small  amounts  of  metal,  rhenium  might  be  used  for  construction  pur- 
poses for  service  at  extremely  high  temperatures.  Cladding  or  coating  to 
prevent  oxidation  is,  of  course,  mandatory. 


Thermocouple  a 

Because  of  the  high  emf  produced  in  thermocouples  due  to  the  presence 
of  rhenium  as  an  alloying  ingredient,  its  use  in  this  field  may  become  wide- 
spread, Some  accounts  l24  H claim  that  excessive  oxidation  and  volatilisation 
of  the  oxide  of  the  rhenium  above  1100  C prevents  use  of  the  couple  Pt8Re/Pt 
except  at  low  temperatures.  However,  the  Pt4.  5JRe5Rh/Pt  thermocouple 
does  not  do  this  and  other  alloys  yei  to  be  developed  may  not  also.  These 
thermocouples  can  be  used  for  long  periods  and  produce  thx*ee  to  four  times 
the  potentials  of  usual  noble  metal  couples.  The  couple  Rh8Re/Rh(4®2»  483) 
can  be  used  up  to  1900  C,  an  extremely  high  thermocouple  temperature. 

The  Noddacks^24)  state  that  the  following  thermoelements  have  distinct 
possibilities: 

PtRe/Pt  PtRe/Pd 

PtRe  /Rh  RhRe/Rh 

IrRe/lr 

They  furihs  declared  that  in  their  opinion,  the  best  future  use  for  rhenium 
lies  in  this  field. 


Electrical  Contacts 


The  several  patents  and  papers  on  this  subject  indicate  good  poten- 
tialities lor  make  - and  -break  electrical  contact  materials  of  rhenium,  rhe- 
nium alloys,  and/or  sintered  compacts  which  contain  rhenium.  These  could 
be  used  as  facing*  in  large  circuit  breakers,  or  in  smaller  contacts  such 
as  internal-combustion  engine  distributor  points.  Rhenium  content  of  the 
alloys  recommended  in  the  past  has  been  iuw  (usually  around  10  per  cent) 
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The  use  of  pen-nib  tips  composed  of  rheni-m  alloys  developed  to  re- 
place scarce  osmium  alloy*!  may  be  but  a preview  of  the  applications  of 
rhenium  in  this  field.  Pivot  bearings  and  wear-resistani  surface*  of  ill 
types  should  be  developed  as  an  outgrowth  of  the  limited  German  pen-point 
business.  Watch  bearings,  compass  bearings,  scale  edges,  and  other 
high-use  parts  of  instruments  and  machinery  could  be  made  of  rhenium 
alleys.  The  watch  industry,  balance  makers,  and  all  types  of  precision 
instrument  manufacturers  should  be  interested  in  wear -resistant  applica- 
tion* for  both  civilian  and  military  consumption. 

It  is  possible  that  rhenium  alloys  might  be  highly  rseisst&nt  to  arcs  ion 
corrosion  by  abrasive  fluids,  although  no  tests  on  this  type  ul  wear  have 

&<§#»  conducted.  Application  would  be  found  in  needle  valves  and  similar 
fluid -control  devices. 


Corrosion  Eesiit&ace 

Rhenium  has  bean  noted  as  possessing  remarkable  ability  to  with- 
stand the  ravage  a of  hydrochloric  acid.  This  acid  is  a notably  bad  actor 
and  construction  materials  for  containing  hydrochloric  acid  are  hard  to 
find.  Stainless  steels,  for  instance,  have  * tendency  to  be  pitted  by  the 
acid,  despite  their  over-all  high  corrosion  resistance  in  this  medium,  if 
rhenium  should  show  no  tendency  to  pit  in  hydrochloric  acid,  its  use  ie  a 
distinct  possibility.  It  probably  would  be  present  as  as  electroplate  or 
cladding  on  less  expensive  has®  metals. 
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Catalysis?  was  amply  covered  is  the  Past  and  Present  Applications 
section  of  this  survey.  The  information  presented  therein  stands  a#  fair 

evidence  that  -rhenium  is  little  better  «•  a catalyst  than  eithsr  leas  ex- 
pensive metals  (copper,  mckel),  os-  equally  dear  but  me- re  abundant  metals 


(platinum).  However,  catalytic  uses  where  no  other 
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Thu  Hod:’?. ^’*1  point  out  th«  fact  that  rhenium  is  one  o£  the  very 
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This  section  of  the  report  presents  a general  commentary  on  the 
veracity  and  value  of  the  data  and  information  compiled  in  this  survey. 

It  should  be  noted  that  this  report  lias  been  based  only  on  published, 
nonclassified  type  information.  If  it  had  been  possible  to  add  certain  con- 
fidential data  to  the  survey,  the  pic  '»“f  drawn  might  have  been  colored 
differently,  particularly  from  the  production  and  resources  point  of  view. 


Occurrence,  Abundance,  and  Production 


It  is  obvious  that  rhenium  is  rare  and  costly,  but  its  potential  is 
sufficiently  great  to  warrant  considering  it  as  a special-purpose  material. 
The  information  on  world  deposits  is  quite  confusing.  The  concentrations 
of  rhenium  reported  by  various  investigators  have  not  been  placed  on  a 
comparable  basis,  i.e.  , reduced  to  percentage  of  rhenium  in  the  whole 
native  ore.  Rather,  the  percentages  reported  are  often  at  some  advanced 
stage  of  ore  concentration,  resulting  in  figures  like  the  Z 5 per  cent  on 
Swediah  molybdenite  reported  by  Amino£fH%  44}^  Jf  rhenium  comes  into 
high  demand,  a survey  of  the  mineral  deposits  should  be  made  to  ascertain 
their  true  value.  In  any  case,  rhenium  produced  in  this  country  would 
come  from  native  molybdenite,  relatively  easily  recovered  and  yielding 
an  appreciably  high  production.  (55B) 


Extraction  and  Reduction 
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From  the  literature  and  from,  persona)  observation  of  the  Tennessee 
two  modem  processes  appear  to  have  economics!  and  practical 


merit:  the  Tennessee  Process  and  the  French.  Process,  As  described  in 
the  text,  both  are  simple  and  direct,  and  both  are  operating  at  the  present 
time. 


Two  other  methods  deserve  mention.  The  ion -exchange  procedure 
developed  ax  sne  University  oi  Vv  i»cu<r<»m  \*u  y -----  xy)  ?hr:v-/.v 
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great  promise,  but  its  ecoimmii.'  worth  s*-ts;  not  fcren  proven.  In  addition, 
the:  H u s c»  i an  s .irs  proli.i o!y  using  i cif.s  s oiu  oa  u nioueru 

thereof.  Since  they  are  undoubtedly  actively  recovering  rhenium,  Feit1  s 
proreay  must  be  considered  as  a practical  ore. 
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rhenium  are  the  reduction  n£  heated  perrhenutes  and  the  thermal-dissociation 
proc  esses.  If  rhenium  is  desired  directly  hi  a olidated  form,  the 
thermal”diss ociation  method  will  produce  "hot-wire"  rhenium  crystal  bar 
from  rhenium  halides  in  one  step.  This  method  has  been  widely  used  for 
research  production  of  rhenium  filaments.  Most  common,  however,  is 
the  reduction  of  heated  potassium  or  ammonium  perrhenate s with  hydrogen. 
These  are  simple  reactions  to  conduct  and  result  in  a pure  powder  suitable 
for  pressing  and  sintering. 


Consolidation  and  Fabrication 


Little  real  work  has  been  done  along  these  lines  by  previous  investi- 
gators, so  their  sparse  data  can  be  considered  only  a vague  guide  for  future 

work. 


Physical  Properties 


Some  of  the  physical  properties  are  fairly  well  established.  Others 
are  only  phantoms,  the  dimensions  of  which  have  hardly  been  even  esti- 
mated. The  atomic  weight,  crystal  structure,  melting  point,  magnetic 
properties,  optical  and  X-ray  spectra,  and  nuclear  properties  seem  to 
have  been  fairly  well  determined.  Unless  future  experimentation  indicates 
serious  flaws  in  these  properties,  they  should  not  have  to  be  redetermined. 

However,  due  to  conflicting  data  or  lack  of  sufficient  verification, 
numerous  physical  constants  come  under  question.  Among  these  are  the 
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sistivity,  and  spectral  erois sivity.  No  attempt  has  been  made  to  determine 
the  vapor  pressure  or  any  of  the  other  physical  properties  not  mentioned 
in  the  text. 


E 1 e ctronic  Properties 

The  electronic  properties  have  been  determined  in  part,  but  those 
evaluated  have  not  been  adequately  verified.  The  thermionic-emission 
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Metallurgical  Properties 


T]ie»  iTiti f ii!lur,,ic iii  cen stiiiit ^ «-■  q f ^ r rfpc r* o ii  « 
question.  The  basic  properties  of  tensile  strength  and 
reported  by  only  one  writer,  and  the  mate  -’al  used  was 
the  as -deposited  condition. 
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In  the  field  of  rhenium  alloys,  little  is  known  about  any  alloys  except 
those  with  tungsten,  osmium,  and  iron.  There  is  no  reason  to  suspect  the 
aert  icy  of  the  data  for  these  systems,  but  even  here  the  data  available  are 
sketchy. 


Chemical  Properties 


A great  deal  of  disagreement  occurred  early  in  the  history  of  rhenium 
over  the  various  chemical  properties.  With  time,  these  disagreements  seem 
to  have  been  largely  settled.  Thus,  the  chemistry  of  rhenium  is  now  fairly 
well  known,  although  numerous  minor  mistakes  are  apparent  in  present-day 
literature.  Where  observed,  these  mistakes  were  filtered  out  of  this  report; 
great  care  should  be  exercised  when  reading  literature  on  the  chemistry  of 
rhenium,  as  previous  reviewers  have  often  misquoted  the  original  source. 


Analytical  Chemistry 


Much  work  has  also  been  done  in  this  field  of  chemistry.  After 
evaluation  of  the  methods  proposed  for  both  types  of  analysis  by  the  many 
investigators,  it  is  suggested  that  microscopic  identification  of  character- 
istic crystals  is  perhaps  the  most  positive  way  to  qualitatively  determine 
the  presence  of  rhenium.  The  tetraphenyl  arsonium  chloride  method  of 
Willard  and  Smith  for  rhenium  seems  to  lie  a very  widely  accepted  method 
of  quantitative  analysis. 


Electrodeposition 


Most  of  the  experimentation  in  Inis  field  seems  to  have  been  ulti- 
mately successful  and  reasonably  unchallenged.  There  is  little  other  com- 
ment that  can  be  made  on  it. 
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